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This thesis describes the interaction between continuous fibres of widely 
different strength and elastic moduli in cement based composites. The fibres 
covered are combinations of polypropylene networks, glass fibres and carbon 
fibres. 
Experimental tensile stress-strain behaviour for composites containing 
continuous polypropylene networks and glass fibres has indicated that there is a 
synergistic interaction between the fibres at strams up to about 1.5 %, which is 
thought to be the most important region for practical applications. The 
properties of the components of the hybrid composites have also been 
determined experimentally and microstructural observation has been made of the 
fibre-matrix interfaces. 
Existing theories for predicting the tensile behaviour of fibre reinforced 
cements have been reviewed. When two or more types of fibres are used as 
reinforcement in a composite, existing theories cannot satisfactorily describe the 
behaviour because of the synergistic effect which is produced and therefore a 
new theoretical model for hybrid composites has been developed which should 
be applicable to other hybrid composites containing combinations of a variety of 
fibre types. 
In each region of the tensile stress-strain curve, equations have been 
created to satisfy the force balance and strain balance in the composite. The 
reliability of the equations has been assessed by substituting the experimentally 
determined values for material properties of combinations of glass and 
polypropylene fibres. A satisfactory agreement was found between the 
theoretical curves and the experimental curves. 
The fracture behaviour of glass fibre roving is impoitant in the 
interpretation of the discrepancies between experiment and theory and therefore 
a new technique of light transmission down the glass fibres has been introduced 
to obtain independent information about the failure of individual glass fibres 
within the bundle of fibres. 
For carbon/polypropylene fibre reinforced composites, the carbon fibre 
distribution was found to be an essential additional parameter to obtain better 
predictions of composite performance and attempt was therefore made to 
quantify the carbon fibre distribution. 
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CHAPTER I 
1. INTRODUCTION 
1.1. Development of fibre reinforced cement composites 
The technique of fibre reinforcement in articles such as clay bricks containing 
straw, has been developed in order to strengthen brittle materials since ancient times. 
The modern technique of reinforcing brittle cement and concrete with fibres began xvith 
asbestos cement manufactured with the Hatschek process in about 1900. 
In the Hatschek process , the asbestos 
fibres are dispersed in a cement slurry, 
which is filtered out on a fine screen cylinder and dewatered to produce thin sheet 
materials('"'). Asbestos cements can be built up to the required thickness by adding the 
appropriate number of layers. As the green sheets have a considerable tear strength, 
they can be easily handled, shaped on a former and cut to length using a knife. The flat 
and corrugated sheets have been widely used as roofing and cladding materials, fire- 
resistant insulating boards, decorative finishes and so on. Asbestos cement products 
had remained as the most successful fibre reinforced cement composites until the 1960s. 
In 1963, pioneering research on steel fibre reinforced concretes (SFRC) was 
reported by Romualdi and Baston (1-2) . 
In the early work on SFRC, only straight steel 
fibres were used. Since then, more complicated geometries such as indented, crimped, 
hooked ends and enlarged ends have been developed in order to improve the mechanical 
bonding with the cementitious matrix. SFRC has been applied in the civil engineering 
and construction industry as pavement overlays, industrial flooring, slabs and non- 
pressure pipes since the early 1970s. 
In 1964, the first systematic study on glass fibre reinforced cement composites 
(GRC) xvas introduced by Biryukovich and his colleagues" E-glass was used in 
these investigations in conjunction with high alununa cement but the glass was not 
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durable enough in a highly alkaline Portland cement matrix. Therefore, an alkali- 
resistant glass fibre was required for the reinforcement of Portland cements. Zirconia 
containing glass fibres were found to be more suitable for reinforcing these cements than 
E-glass fibres by Majumdar' 1-4) at the Building Research Establishment in the U. K. 
Their subsequent efforts and the collaboration with Pilkington Brothers plc led to the 
commercial production of an alkali-resistant (AR) glass fibre, trademarked Cem-FEL, in 
1971. GRC has been commonly used in the form of thin and light interior and exterior 
panels. However conventional GRC deteriorates and becomes more brittle as it ages 
so that low-alkaline cement for GRC was developed in Japan('-') in 1985. This new 
GRC has been improved further by being made with cement which is less alkaline and 
(1-6) less contractile, and with AR glass fibres containing higher proportions of zirconia 
Recently, this combination has enabled the production of larger interior and exterior 
(1-7) 
panels and led to the increased use of GRC in curtain walls and elsewhere 
In the early 1960s, polymeric fibres such as nylon, polypropylene and 
polyethylene began to be studied for the reinforcement of concretes. One of the first 
commercial products of the concrete reinforced with fibrillated polypropylene fibres was 
developed by Shell Company, under the tradename Caricrete('-') in 1966. After 
Caricrete was confirmed to have excellent impact strength('-9), concrete shell piles made 
of Caricrete went on the market. This type of fibre has subsequently been improved 
further either as short, discontinuous fibrillated material to produce fibre reinforced 
concrete (1-10) , or as a continuous network-mesh to produce thin sheet composites made 
by impregnating fibrillated polypropylene networks with cement paste or mortar 
Small volumes (-0.1%) of polymeric fibres, mainly polypropylene fibres, are also used at 
present to control cracking in the early stages of setting, typically less than three hours 
(1-12) 
after casting 
In 1972, Ali, Majumdar and Rayment 
(1-13) 
reported excellent properties of 
carbon fibre reinforced cement. Although carbon fibres were technically attractive for 
use in concrete, their high cost restricted their use in Portland cement composites. 
Discontinuous pitch-based carbon fibres have been developed at a lower cost bv Kureha 
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Chemical Company in Japan (1-14) . 
These carbon fibres have higher strength and a higher 
modulus compared to other polymeric fibres. They have been successfully used to 
fabricate exterior wall panels. Current uses of carbon fibre cement composites include 
cladding, free-access floor panels, lightweight decorating frames, shell structures and 
protective coatings for structural elements exposed to harsh environments( 
1-7)JI-15). 
Since it has known that exposure to asbestos fibres can be harmful to health, a 
number of other types of fibres have been used in fibre reinforced concrete as the 
alternatives, including steel, glass, polypropylene, carbon, polyvinyl alcohol (PVA), 
aramid, cellulose, wood fibres and so on. These fibres have a wide variety of the 
properties, in particular with respect to the modulus of elasticity which is an important 
characteristic when fibres are used for producing composites. In order to increase the 
cracking strength of their composites, large volumes of fibres must be included with a 
modulus of elasticity greater than that of the matrix. For cement based materials, the 
modulus of elasticity ranges from about 10 to 45GPa. Some fibres such as steel, glass, 
aramid and carbon meet this condition, while most of other fibres do not. However, 
both experimental and theoretical research have shown that, even with low modulus 
fibres, considerable improvements can be obtained with respect to the strain capacity, 
toughness, impact resistance and crack control of the fibre reinforced cement 
composites In many applications, the enhancement of these properties is much 
more significant than a modest increase in tensile and flexural strength( 1-17) The role of 
the randomly distributed discontinuous fibres is to reduce the crack widths by bridging 
the cracks, which provides some ductility in the post-cracking region. 
The combination of two or more fibre types has been studied to provide a 
synergistic effect in which the stronger and stiffer fibre improves the first crack stress 
and the ultimate strength, while the more flexible and ductile fibre leads to improved 
toughness and strain capacity in the post-cracking region. In hybrid fibre composites, 
different fibres appear to act in such a way that they maintain their individual reinforcing 
capabilities. This is significant from the point of view of designing fibre reinforced 
cement composites taking the performance and the cost into consideration. The hvbrid 
fibre reinforcing technology and newly developed synthetic fibres have led to nev,, 
applications for fibre reinforced composites. 
Purpose of this study 
Two types of continuous fibre reinforced cement corrugated sheeting have 
been produced commercially. The one in Germany consists of continuous glass fibres 
and chopped random glass fibres. The other in Italy consists of continuous networks of 
polypropylene, continuous glass fibre rovings and chopped glass strands. These 
composites make much more efficient use of a given volume of fibre than the short 
random fibre materials because the continuous fibres can be placed in the direction and 
position of the main imposed stresses and fibre pull-out is restricted before fracture. 
The composites therefore have improved strength and toughness compared with short 
fibre materials. For these practical composites, it is important to improve the post- 
cracking performance of the material particularly in the immediate post-cracking strain 
range of up to about 1-2% tensile strain. In this post-cracking region, localised areas 
of continuous glass fibres and carbon fibres are the most likely candidates for improving 
the properties of composites. These concentrated stiff regions can be combined with 
continuous networks of fibrillated polypropylene fibres which give an uniform fibre 
distribution with very closely spaced cracking, However, these different types of fibres 
have widely different elastic performance and their interactions are not well understood. 
In the field of theoretical modelling for bulk composite performance, much 
progress is still required so that most designs of composites are based on experimental 
results and empirical relations. Before any worthwhile application can be considered , it 
would be beneficial to understand the way in which the fibres act in a hybrid composite. 
This Will allow the sensible design of the hybrid composite, and the prediction of the 
tensile and flexural behaviour. Even although much effort has been applied to develop 
theories to describe the properties of composites and their relationships to the properties 
of the components, the current theoretical models are available only for single fibre 
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reinforced composites. For hybrid composites, the synergistic effect of different fibre 
types has to be taken into consideration. 
The main objectives of this study are to obtain a better understanding of the 
interaction between continuous fibres of widely different strength and elastic moduli in 
cement based composites and to provide a mathematical model which enables the 
prediction of bulk composite performance. In this study, continuous alkali-resistant 
glass fibres and continuous PAN (polyacrylonitrile) type carbon fibres have been used as 
high stiffness fibres together with continuous networks of polypropylene fibres which 
give a uniform and closely spaced fibre distribution. The research programme is 
summarised below. 
(1) Properties of the hybrid composites were obtained in comparison to those of the 
single fibre reinforced composites. The assessment was carried out with uniaxial 
tensile tests because tensile behaviour is more easily understood from the theoretical 
point of view than flexural behaviour. 
(2) The microstructure of hybrid composites was observed to obtain detailed 
information about the interface between fibres and matrix. Also, the crude relationship 
between fibre failure and tensile behaviour of the composites was obtained. 
(3) In order to know the condition of particular continuous glass fibre failure in the 
hybrid composite, a new technique was developed. A quantitative assessment of the 
failure of the glass fibres was attempted using the variation of the transmitted light 
through the glass filaments. 
(4) Based on the results of all the experiments, a mathematical model for the tensile 
behaviour of continuous glass/polypropylene fibre cement composites was proposed. 
(5) The proposed model was applied to the combination of polypropylene networks 
and continuous carbon fibres. Regarding the carbon fibre, the fibre distribution was 
taken into consideration as a new efficiency factor for fibre reinforcement. 
It is hoped that the work reported in this thesis has contributed to the 
theoretical and experimental understanding of the tensile behaviour of hybrid c. ontinuous 
fibre cement composites and has led hybrid composites to new applications in the future. 
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CHAPTER 2 
2. PROPERTIES OF MATERIALS FOR THE GLASS/POLYPROPYLENE/CARBON 
FEBRE REINFORCED CEM[ENT COMPOSITES 
1. Introduction 
In this thesis, experimental and theoretical work has been carried out, mainly on 
a cement based matrix reinforced with continuous glass fibres and fibrillated 
polypropylene networks (GF/PP composites). This composite has been developed as a 
non-asbestos cement composite sheet under the tradename Retiver in Italy for roofing 
materials. Additionally, the study has been extended to composites reinforced with 
continuous carbon fibres and polypropylene networks (CF/PP composites). 
The composite specimens were all manufactured using, nominally, the same 
matrix mix proportions. This chapter describes the properties of the matrix, the glass 
fibre and the polypropylene as components which can be used in the mathematical model 
developed in Chapter 7. 
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2.2. The matrix 
2.2.1. Matrix composition 
The materials and the mix proportions of the matrix are shown in Table 2.1. 
Table 2.1 Mix proportions of matrix. 
Material Mix by weight 
Ordinary Portland cement 1.00 
Water 0.34 
Silica sand 0.19 
Pulverized fuel ash 0.25 
Superplasticizer 
(Sulfonated melarnme formaldehyde resin. 
Melment L 10 by Hoechst Chemicals) 
0.016 
This matrix is the basic composition which has been used for fibre reinforced 
cement composites at the University of Surrey. This was designed to obtain desirable 
properties for composite preparation and performance. The low water-cement ratio 
(W/C=0.34) is attained by means of the superplasticizer, which results in high strength 
and density. Silica sand (particle size : 150-300ýtrn) acts as aggregate to make shrinkage 
lower than pure cement paste. Pulverized fuel ash (PFA) is added as filler to increase 
fluidity of the matrix due to its spherical particles. High fluidity is desirable to 
impregnate the cement matrix into fibrillated polypropylene networks. It was necessary 
to retain fluidity during composite manufacturing in the laboratory so that sli 
adjustments were made in the amount of superplasticizer added to obtain suitable 
workability. 
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2.2.2. Matrix properties in tension 
Matrix properties in tension were obtained from uniaxial tensile tests on the 
composite. Experimental results will be discussed in Chapter 4. The range and the 
average of the measured matrix modulus, cracking stress and strain are given as follows. 
Elastic modulus of matrix in tension - 30-33GPa Average 31.6GPa 
Matrix cracking stress - 4-1 IMPa Average 8.5MPa 
Matrix cracking strain -. 140-370x 10-6 Average 273 x 10-6 
The results are in reasonable agreement with other published values for the 
same proportions (2-1 The average values of the elastic modulus and matrix cracking 
strain will be used to develop a mathematical model of the composite tensile behaviour in 
Chapter 7. 
2.3. Glass fibre 
Alkali-resistant glass fibre 
The glass fibre should be resistant to alkalies when it is used with Portland 
cement. Inorganic silicate lasses are inherently reactive to alkalies the silicon- 9 
oxygen-silicon network which forms the main structural skeleton of silicate glasses is 
attacked by the hydroxyl ions. The addition of Zr02 in glass compositions substantially 
reduces the effect of alkaline corrosion, which is shown in all commercially available 
alkali-resistant (AR) glass fibre compositions. Typical AR glass fibre composition is 
presented in Table 2.2 compared with the E-glass fibre's. 
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Table 2.2 Typical alkali-resistant glass fibre composition 
(ý-2) 
unit - wt% 
E-glass AR glass 
(Cem-FIIL) 
Si02 54.0 62.0 
Zr02 
- 16.7 
T102 - 
0.1 
A1203 15.0 0.8 
Fe203 0.3 - 
B203 7.0 - 
CaO 22.0 5.6 
mgo 0.5 - 
Na20 0.3 14.8 
K20 0.8 - 
F2 0.3 
Continuous glass fibres are usually supplied in the form of roving. A roving 
consists of several collected strands in which are multiple glass filaments bound by the 
size. The size is an organic polymer applied to glass fibres during manufacturing to 
protect the fibres from abrasion by handling equipment. 
In this study, the AR glass fibre rovings were supplied by Cem-FEL 
International Ltd. The glass type is Cem-FIL 2, Type 285/5. A chemical inhibitor is 
incorporated in the size used for Cem-FEL 2 AR glass fibres. This is slowly released in 
the cement matrix around the glass fibres, which results in a significant reduction in fibre 
strength loss due to the interaction between glass and cement 
(2-3) 
General properties of the AR glass fibre are shown in Table 2.3. 
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(2-4) Table 2.3 General properties of the AR glass fibre . 
Properties Type 285/5 
Tensile strength (NIPa) 1200-1700 
Elastic modulus (GPa) 72 
Ultimate elongation 2.4 
Density (g/cm') 2.68 
Filament diameter (ýtm) 14 
Number of filaments per strand 100 
Nominal number of strands per roving 64 
2.3.2 
2.3.2.1 
Tensile properties of the glass strand 
Test procedure 
The continuous glass strands were cut to 600mm length (+40mm for gripping). 
Both ends of the strand were fixed on a graph paper by epoxy resin in order to make the 
strand aligned accurately to the direction of tensile loading. This treatment prevented 
the strand breaking at the grip ends. Then the strands were set on the clamp type grips. 
The tensile test was carried out at a rate of 1 Omm. /min which was about 1.7% strain/min, 
The load signal and time which corresponded to the cross head displacement were 
collected by the data logging system and recorded on the X-Y recorder. The strain was 
calculated by the displacement divided by the strand length of 600mm. The cross 
section area was determined as the total area of mono-filaments, assuming the diameter of 
14ýtrn and 100 filaments per strand. Five strands were tested. 
II 
2.3.2.2. Experimental results and discussion 
Tensile stress-strain curves for five glass fibre strands are shown in Figure 2.1, 
1400 
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800 
1) 
-6.1 600 
400 
200 
0 
------------------------- 
--------------------- 
---------------- 
-- ---------- 
---------- --------------- ý17 
-------------------- 
------------------------ 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
Strain 
Figure 2.1 Tensile stress-strain curves of glass fibre strands. 
Each line showed good linearity except for initial strain up to 0.1% and around 
failure strain. The elastic modulus of the glass fibre was calculated from each slope. 
The modulus, the ultimate strain and stress are presented in Table 2.4. 
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Table 2.4 Properties of glass fibre strands. 
Specimen No. Elastic modulus 
Ef. (GP a) 
Ultimate strain 
Efzu N 
Ultimate stress 
cTfLu (NPa) 
1 72.0 1.19 822 
2 68.7 1.25 886 
3 69.9 1.33 991 
4 84.0 1.47 1279 
5 72.8 1.19 928 
average 73.5 1.29 981 
The average modulus was almost same as the trade literature (72GPa shown in 
Table 2.3). On the other hand, the ultimate strain and stress was lower than typical 
values (6&ý=2.4%, afp=1200-170ONWa). Each strand consists of 100 filaments and the 
tensile strength depends on the uniformity of filaments. If a filament has a flaw such as 
micro crack, impurity, warp and so on, the fracture is induced at that point. Therefore, 
the fracture strain and stress become lower than intrinsic properties. With respect to the 
strength of the glass fibre in the theoretical approach for composites, the strength as a 
strand has to be taken into account. 
2.4. Polypropylene 
2.4.1. Fibrillated polypropylene fibre networks 
Polypropylene fibres are produced by low-pressure technology using Ziealer- 
Natta catalysts. They possess a variety of shapes such as monofilaments, 
film and 
extruded tape, and different properties due to their structure. The main advantages of 
polypropylene fibres are their alkali resistance, high ductility and the 
low price of the raxv 
material. Their disadvantages are poor fire resistance, sensitivity to sunlight and oxygen, 
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a low modulus of elasticity and a poor bond with the cement matrix. These 
disadvantages are not necessarily critical especially for durability. Embedding in the 
matrix avoids the direct exposure to fire and other environmental effects. Polypropylene 
used in this study contains agents to stabilize ultra-violet rays. Hannant 
(2-5) 
completed a 
10 years durability test on cement composites reinforced with fibrillated polypropý'Iene 
networks exposed to both natural weathering and indoor storage in air. It was 
concluded that little detrimental effects were observed concerning the notional strength. 
In order to improve the bonding with the cement matrix, fibrillated 
polypropylene networks were used in the present work. Fibrillated networks were 
produced from the film abraded on the surface to be fine and hairy. The film was slit by 
pins and fibrillated by a roller. The opened networks provide an interlocking effect to 
(2-6) bond with the matrix 
The polypropylene network packs were supplied by Retiflex s. p. a. in Italy. 
Each pack consists of 12 layers, the longitudinal and lateral direction being in the ratio of 
2-1. In this study, lateral nets were removed from each pack to make fibres align with 
the direction of applied load and make the theoretical model simple. A single 
longitudinal layer of the polypropylene network is shown in Figure 2.2. Typical 
properties of the polypropylene film are presented in Table 2.5. 
j-llný2-7) Table 2.5 Typical properties of the polypropylene 1 
Properties Polypropylene film 
Tensile strength (NfPa) 400 
Elastic modulus (GPa) 4-12 
Ultimate elongation 8.0 
Density (g/cm') 0.93 
jNon-ýinal 
thickness (pm) 60-80 
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Figure 2.2 A longitudinal layer of the polypropylene network. 
2.4.2. Tensile properties of the polypropylene film 
2,4.2.1, Test procedure 
Polypropylene films which had not been abraded were used for tensile tests. 
The film was cut into strips 2mm wide and 600mm long (+40mm for gripping), Then 
the same procedure as the glass fibre strands described in 2,33.21 was carried out for the 
polypropylene film strips. The cross sectional area was determined by the weight of the 
strip with accuracy of 0.000 1g divided by the length, assuming the density of 0.93 which 
was greater than that of pure polypropylene due to the inclusion of a filler 
strips were tested in this method, 
Five film 
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2.4.2.2. Experimental results and discussion 
Tensile stress-strain curves for five film strips of polypropylene are shown in 
Figure 2.3. The films were tested in the drawn direction. 
Since each curve is not linear, a single value for the modulus of the 
polypropylene film cannot be determined. The curve was divided every 0.5% strain up 
to the strain where the first sudden load reduction was observed. In each strain region, 
the elastic modulus was determined by a regression analysis. These elastic moduli were 
plotted against the strain in Figure 2.4. 
500 
400 --------------------- ---------- 
14 
300 ------------- ------------------ 
cu 
'A ------------------------ 200 ------- / 
100 ---------------------------- 
0 
0246 
Strain 
Figure 2.3 Tensile stress-strain curves of polypropylene 
film strips. 
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Figure 2.4 Elastic modulus of polypropylene film with strain. 
The elastic modulus of the polypropylene is variable against its strain. It 
decreases from l_3-l4GPa at initial strain to 4-5GPa at 5% strain. The same trend was 
observed in the previous research('-'). In order to estimate the change of the elastic 
modulus with strain, a logarithmic regression curve was applied. The elastic modulus of 
the film is expressed as follows. 
Efp=X+Ilog(gfp) 
where Efi, is the elastic modulus of the polypropylene film (unit ý GPa), Ffp Is film strain 
(unit - %), X is a constant and Y is a regression coefficient. The result of the analysis 
was presented in Table 2.6. The obtained regression equation was -. 
E, fý=9.49-2.82log(F, fp) 
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(2-1) 
0 
Ohno (2.1) obtained a similar equation for polypropylene films. 
Table 2.6 Logarithmic regression analysis for the elastic modulus of 
polypropylene films with strain. 
Efp=X+Ylog(Efp) R2 : correlation coefficient 
Specimen No. x Y R2 
1 9.85 -2.87 0.976 
2 8.90 -2.96 0.998 
3 9.54 -2.68 0.982 
4 9.44 -2.79 0.984 
5 9.72 -2.79 0.982 
average 
L- 
9.49 -2.82 
As described above, the elastic modulus of polypropylene is a variable with 
strain in tension rather than a constant. In the theoretical approach for the tensile 
behaviour of composites containing polypropylene, its elastic modulus as shown in 
Equation (2,1) has to be considered to obtain better agreement with experimental results. 
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2.5. Carbon fibre 
The history of carbon fibre began with the industrialization of the general 
purpose grade made from the rayon fibres in 1959 in USA. (2-8ý Then the t,. N-o main 
processes for making carbon fibres were industrialized With different starting materials, 
either polyacrylonitrile (PAN carbon fibres) or petroleum and coal tar pitch (pitch carbon 
fibres). Both processes involve heat treatments, and various grades of carbon fibres can 
be obtained with each, depending on the combination of heat treatment, stretching and 
oxidation. The PAN carbon fibres are of higher quality, and are sometimes classified 
into Type I and Type 11. 
(2-9) Type I fibres have been graphitised to give maximum 
stiffness but have a relatively low strength, whereas Type II fibres have been carbonised 
to produce maximum strength. The stress-strain curves of Type I and Type II fibres are 
compared with Kevlar and E-glass fibre in Figure 2.5 . 
(2-9) The high modulus fibres have 
a much lower strain to failure (0.50%) compared with the high strength fibres (1.0%). I= 
3- Kevlar 49 
Carbon 
(Type 11) 
E Carbon 
z (Type 1) 
E glass 
(A 
-E c;; 
0123 
Tensile strain M 
Figure 2.5 Stress-strain curves of the carbon fibre compared with Ke,,, Iar and E 
glass. (2-9) 
The pitch carbon fibres have much lower modulus of elasticity and strength, but 
their price is much lower than that of the PAN carbon fibres. The pitch fibres still have 
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superior properties to many other synthetic fibres, and their modulus of elasticity is equal 
to or greater than that of the cement matrix. These have made them more attractive for 
cement reinforcement. With regard to the pitch fibres, a number of studies ha-ve been 
carried out in Japan. 
(2- 1 0)ý (2-11) 
In this study, continuous PAN based carbon fibres were supplied by Courtaulds 
Grafil Inc*. The fibre type is YA-S which is sized with glycerol. The glycerol sized 
carbon fibre is designed to be dispersed easily in the slurry due to the dissolution of the 
size in water. General properties of the carbon fibre are shown in Table 2.7. They are 
quoted from the trade literature with respect to Grafil 33-500 which is identical with XA- 
S(2-12) 
. The fibre bundle consists of 12000 filaments. 
(2-13) Table 2.7 General properties of the carbon fibre 
Properties Grafil XA-. S 
Tensile strength (MPa) 3790 
Tensile Modulus (GPa) 228 
Elongation (%) 1.7 
Weight per roving (g/m) 0.40 
Density (g/cm') 1.80 
Filament diameter (pin) 7 
Filament count 12000 
Size level (%) 5 
Typical carbon content 94 
* Courtaulds Grafil Inc, was acquired by Nfitsubishi Rayon Co., Ltd. (MRC) Although 
MRC established a European marketing network for carbon fibre products, Grafil Inc still 
markets both GRAFII- carbon fibres from its Sacramento USA production unit and high 
performance PYROFEL carbon fibres from the N4RC Toyohashi plant in Japan. 
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CHAPTER 3 
3. CONVOSITE, NLANUFACTURE AND TEST PROCEDURES 
1. Introduction 
The effect of fibre reinforcement in a composite depends on the fibre type, 
volume, length, orientation and distribution. Also, the manufacturing process of the 
composite is one of the important factors. Various kinds of manufacturing processes 
have been developed, according to fibre types and shapes, to meet the required 
applications. The manufacturing processes which are currently available may be 
classified as follows. 
(1) Spray process 
This technique is used primarily with glass fibre reinforced cement (GRC). 
Cement paste or cement mortar which is pumped under pressure, and glass fibre which 
is cut to lengths by a chopped gun, are sprayed simultaneously onto the mould surface. 
This method is capable of moulding intricate shapes and is suitable for the production of 
custom-made products. With this technique, substantially higher fibre volumes, up to 
about 6%, can be incorporated into the composite. 
(2) Premix process 
Cement mortar and the fibres previously cut to appropriate lengths are 
combined in a mixer, and the materials are poured into the mould. The vibration is 
applied to the mould, which allows the 2-dimensional control of fibre distribution in the 
mortar. However, because the fibres reduce the workability, only about 2-3% by 
volume of glass fibres can be mixed by this method. 
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(3) Extrusion process 
This process is the most suitable for the manufacture of long fibre reinforced 
cement composites with the same cross section over the entire length, such as bars and 
columns. The premixed fibre-containing mortar is continuously supplied to an extrusion 
machine and the materials are extruded as the product through the die at the other end 
of the machine. With this technique, continuous fibres can be used where extra strength 
is required. 
(4) Hatschek process 
Based on the principle of paper making, this process can produce thin sheets, 
several of which are then overlaid to form a sheet of the. desired thickness. This is 
called the Hatschek process which conventionally uses asbestos fibres as the essential 
ingredient. Recently, cellulose fibres or other fibres are used as alternatives for the 
asbestos fibres. Fibres are partly aligned to the direction of manufacturing, which 
results in effective reinforcement for that direction. This process allows fibre contents 
typically from 5% to over 20% by volume. 
(5) Hand lay up process 
In this method, various forms of fibre reinforcements such as roving, fibre 
mats or fabrics can be used and products of various sizes and shapes can be made by 
using suitable mould or forming surfaces. Several layers of continuous fibre 
reinforcements are penetrated into the cement or mortar paste. In order to obtain 
efficient penetration of the reinforcement into the cement matrix, compaction by 
vibration is often applied. As a result, dense materials with very high fibre contents can 
be produced. In the industrial process, these basic processes may be modified to suit 
mass-production. For instance, the cement based composite reinforced with 
fibrillated 
polypropylene networks and glass fibres, tradenamed Retiver, is produced 
by a specially 
'-') The cement slurry Is designed machine based on the principle of the lay-up method. 
(' 
sprayed continuously onto the continuous felt 
The polypropylene networks are 
inserted on the cement slurry by the special feeding machine. The cement slurry is vvell 
impregnated into the networks by the compaction and dev,, atering, Then another 
cement slurry is sprayed on it. These procedures are repeated on the continuous felt 
until the required thickness is attained. 
According to fibre types and shapes, the most suitable composite 
manufacturing process should be chosen to make the most effective use of the fibre 
reinforcement. In this study, the hand lay up method is suitable for continuous glass 
and carbon fibres and the fibrillated polypropylene networks. The hybrid composite 
manufacturing procedure will be described in the next section. 
3.2. Composite manufacture 
3.2.1. Glass/polypropylene fibre reinforced cement composites 
The properties of the matrix, the glass fibre and the polypropylene as 
components have already been described in Chapter 2. Using these materials, all 
composites were produced in the form of flat sheets approximately 600mm long 
(parallel to the fibre alignment), 400mm wide and 5-6mm thick, by a hand lay-up 
method. The detailed process of manufacture is as follows. 
(1) 600mm lengths of alkali-resistant glass fibres were cut from the glass 
roving supplied by Cem-FIL International Ltd. The roving consists of 64 glass strands 
which can be divided to the appropriate number according to the required 
fibre volume 
fraction. 
(2) Both ends of the correct amount of glass fibres were fixed straight on graph papers 
by adhesive tapes. The width of graph paper was 25mm corresponding to that of 
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tensile test specimens. The fixed position of glass fibres Nvas determined in advance 
according to the design of the fibre reinforcement. 
(3) Fibrillated polypropylene networks were cut to 600mm length and 400mm width 
from the reel of the fibre network packs supplied by Retiflex s. p. a. Each pack 
consisted of 12 layers in which 8 layers are in longitudinal and 4 lavers are in lateral 
direction. Lateral nets were removed from each pack to form uni-directional 
reinforcement. 
(4) Polythene sheet was placed on a table as a release laý,, er 
polypropylene 'network was laid flat on a polythene sheet. 
The first laver of the 
(5) Ordinary Portland cement, silica sand and pulverized fuel ash were dry-mixed in a 
polythene bag. These mixed powder materials and distilled water were mixed by a 
mortar mixer for about 2 minutes. Then materials stuck to the container were scraped 
off and the mortar was mixed for about another 3 minutes. During Mixing, the 
superplasticizer was added to obtain suitable fluidity of the slurry. In the strict sense, 
the fluidity of the slurry was influenced by the water temperature so that the mixing time 
and the amount of superplasticizer were slightly adjusted. 
(6) The mixed cement slurry was put onto the polypropylene networks laid on a 
polythene sheet and worked by hand until the networks were fully impregnated by the 
matrix. 
(7) The second laver of polypropylene networks or continuous glass fibres fixed on 
graph papers were laid on top. It was carefully pressed onto the lower layer to be 
penetrated by excessive mortar from below. Then, more cement slurry was worked 
into the fibre laver again. 
(8) The procedure was repeated until a sufficient number of layers and the required 
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composite thickness had been attained. The top surface Nvas carefully firUshed with a 
trowel to obtain as uniform thickness over the sheet as possible. 
(9) The composite sheet was protected from rapid drying by covering xvith a polythene 
sheet overnight. 
(10) The composite sheet was cured under water at 20'C for 28 days. 
The sheet was cut into strips about 300mm long by 25mm wide for tensile testing, 
during the curing period. Prior to testing, the width and thickness of each specimen 
were measured at three positions to accuracy of 0.1 and 0.0 1 mm with a vernier calliper 
and a micrometer, respectively. 
3.2.2. Carbon/polypropylene fibre reinforced cement composites 
The principles of composite manufacture were the same as for glass/ 
polypropylene fibre reinforced cement composites. However, the carbon fibre 
preparation was different from glass fibres. In the preliminary tensile tests, the carbon 
fibre indicated a poor bonding with the cement matrix. In order to fully utilise the high 
performance of the carbon fibre, it is essential to obtain enough fibre surface area for 
bonding and therefore the carbon fibre must be dispersed as well as possible. 
The thick carbon fibre bundle consisting of 12000 filaments was opened on a 
wire gauze in water. Immediately after the carbon bundle was immersed in water, the 
glycerol size dissolved and the fibre bundle was easily opened. The carbon fibres were 
formed into a thin layer of about 25mm wide. The opened fibre layer was scooped up 
carefully by the wire gauze and transferred on to a paper towel. After drying properly, 
it was fixed straight on a graph paper in the same way as the glass fibres, In order to 
compare the effects of fibre dispersions, four different fibre conditions were fabricated 
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in approximately the same fibre volume fraction. Typical conditions for the carbon fibre 
are shown in Figure 3.1. They are placed on a graph paper and the unit scale is I mm 
It was difficult to open a bundle uniformly, however, the difference among these 
conditions can be seen easily. The opened spaces between filaments allow cement 
particles to be penetrated to obtain a good fibre-matrix bond. 
.I, 
iIi;,. 
Figure 3.1 Carbon fibre conditions before matrix is penetrated. 
(a) Fibre bundle (PCN) (b) Opened bundle (C2 and PC2) 
3 of a bundle (C6 and PC6) (c) Opened 1/2 of a bundle (C4 and PC4) (d) Opened I/ I 
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(c) IL 
3.3. Reinforcement of composites 
33.1. Glass/polypropylene (GF/PP) cement composites 
The target fibre volume fraction and the details of reinforcement of the GFiPP 
composites are shown in Table 3.1. The range of glass and polypropylene fibre volume 
fractions are 0 to 4% and 0 to 8%, respectively. According to the glass fibre volume 
fraction, the number of glass strands per bundle and the number of glass lavers were 
changed. The number of polypropylene layers was constant at five layers and the 
number of nets per layer was adjusted. 
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Table 3.1 The schematic description of GF/PP composite reinforcement. 
PP(nets/laver) 
""R vo 10% V( 02468 
GF volO o 
(0) (4) (8) (12) (16) 
0 
0 .................. --------- ................... ...... ....... ... .......... ------ ---- ---------- (0) ............... ............... .... .............. -------------------- ------------ 
0.2 C: ) " CD, * C: >, 
.................... (3) - --CD CD., CD 
0.4 CD CD C: ) CD*, C: )*, CX :. C: ),. -.. C). -. C.: ) CD:, C: )". C: ): 
6 --- 9 ---- --- R- D .... :: 6c:: - S: ) (5) CD ...... ... CD 
0.6 C,: >:: CD 
........... .................... ............... ................. ................ ............... ............... (10) CD. 
0.8 
GF(strands/bundle) I.. I Continuous glass fibre bundle 
28 
3.3.2. Carbon/polypropylene (CF/PP) cement composites 
The average fibre volume fraction and the schematic description of CF/PP 
composite reinforcement are shown in Table 3.2. One of the purposes of CF/PP 
composites is to examine the effects of carbon fibre distributions. Thus, the carbon 
fibres were arranged as two bundles, two layers, four layers and six layers in the 
composites of about the same fibre volume fraction. Unopened carbon fibre bundles 
were used for series PCN. One opened bundle was used as a single layer for series C2 
and PC2. A half of a bundle was opened and used as a single layer for series C4 and 
PC4. The best dispersion was achieved in series C6 and PC6 in which one third of a 
bundle was used for each of six layers. 
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Table 3.2 Description of the CF/PP composite reinforcement. 
Series No. Average fibre volume fraction Fibre distribution 
Polypropylene Carbon fibre (%) 
C2 0 0.55 
C4 0 0.66 
C6 0 0.61 
PCN 4.5 0.65 ...... ....... ........................ 
...... ....... 
PC2 4.1 and 5.7 0.58 
.......... * ............. ........................ ........................ ........................ ........................ 
PC4 3.9 and 5.7 0.56 
........................ ............... ........................ ........................ 0 
.................. 
PC6 3.9 and 5.8 0.56 ........................ ........................ ........................ ....................... 
......................... Polypropylene networks 
-4ýý Carbon fibre bundle 
Carbon fibre layer 
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3.4. Determination of fibre volume fractions 
The volume content of the polypropylene networks in the composite was 
determined using cut samples of the test specimens after testing, approximately 50mm 
long by 25mm wide. The pot containing water was placed on an electrical balance and 
then zero balance was set. After the sample was saturated with water, it was immersed 
in water as shown in Figure 3.2. Assuming the specific gravity of water is 1.0, the 
weight indicating on a balance is equal to the sample volume (V, ), which is known as 
the Archimedean method. 
e 
-. trical balance 
Figure 3.2 The Archimedean method to determine the volume of the sample. 
The sample was placed in a container with a rnixture of concentrated hydrochloric acid 
diluted with an equal volume of water. It took about 7 days to dissolve the matrix. The 
softened matrix was carefully washed away with flowing water and the polypropylene 
networks were taken out. The nets were dried in an oven at 900C and weighed (Wfp) 
on an electrical balance to an accuracy of 0.001g. The experimentally obtained 
polypropylene fibre volume fractionVfý(exp) can be calculated as follows. 
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W 
II fp fp(exp, ) 
where pfp, the specific gravity of the polypropylene, is 0.9-3 from Table 2.5. Also, the 
polypropylene fibre volume fraction, Vfp(cal), can be calculated from the averacre fibre 
volume of a manufacturing sheet corrected by the actual width and thickness of each 
test specimen. The correlation between Vfp(,., p) and Vfp(,,,, ) is shown in Figure -33. 
Figure 3.3 The correlation between experimental fibre volume fraction of 
polypropylene Vfp(, xp) and calculated fibre volume fractionVfp(cal)- 
The calculated fibre volume fraction Vfp(,,, ) indicates good agreement with the 
experimentally obtained fibre volume fraction Vfp(exp). In practice, it was difficult to 
separate polypropylene networks from glass and carbon fibres in the hybrid composite. 
Therefore, the calculated fibre volume fractions Vfp(cal) corrected by the actual width and 
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thickness of each test specimen were used throughout the experimental assessment for 
GF/PP and CF/PP hybrid composites. 
3.5. Uniaxial tensile test 
3.5.1. Reasons for the choice of uniaxial tension tests rather than flexural tension tests 
to measure and analyse mathematically the behaviour of hybrid composites. 
Cementitious materials are strong for compression, but weak for tension so 
that the failure generally occurs in tension . 
Thus, the main objective of the fibre 
reinforcement in the cement matrix is to enhance the tensile strength of the composite. 
The behaviour in direct tension is different from that in bending, because the tensile 
stress and strain at any cross section are constant whereas for flexural loading, the stress 
distribution varies from compression to tension in the cross section. Simple bending 
theory is not really applicable to the fibre reinforced cement composites (FRC), because 
of the effect of post cracking ductility. The stress distributions in flexure are shown for 
ideally elastic and elastic-plastic materials in Figure 3.4, assuming that both of them 
have the same tensile strength. 
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B 
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(3-2) 
Figure 3.4 Behaviour of ideally elastic and elastic-plastic materials in flexure 
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Bending theory is applicable up to the first crack stress in the elastic region. Figure 3.4 
(A) is for the elastic region with neutral axis at mýid-depth and the tensile strength is 
equal to the bending strength. Figure 3.4(B) shows that when the elastic limit in 
bending of an ideally elastic material is reached, it will fail. However, the elastic-plastic 
material can continue to support additional loads. In the plastic region, the fibres are 
extending or are pulling out at constant load across a crack throughout the tensile 
section. The stress distribution is modified with the neutral axis moving upward and the 
tensile stress distribution becomes rectangular in shape as shown in Figures 3.4(B) and 
(C). As a result, the load in flexure for the elastic-plastic material will continue to 
ascend with increase in deflection beyond the elastic limit. Thus the notional flexural 
strength, CFb, will be greater than the ultimate tensile strength of the material, Cyt, and has 
no particular physical significance. It is important to understand the ratios between Cyb 
and cyt. Hannant (3-') has shown that the neutral axis in FRC at the ultimate stage of 
flexural loading may be 1/4 of the depth from the compression surface as shown in 
Figure 3.5. 
D/4 
3D/4 
Figure 3.5 The stress distribution in flexure of an ideally elastic-plastic material 
(3-3) 
at the instant of failure 
Based on this assumption, CFb 
iS calculated as: 
CFb= 2.44cyt 
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Thus, the fibre reinforcement can lead to increase in the load bearing capacity of the 
composite in bending even if there is no increase in tensile strength accompanied by the 
enhancement of the post-cracking ductility. 
As described above, the flexural behaviour is complicated and different from 
the simple tensile behaviour. These differences suggest that the flexural test usually 
used to characterise the properties of FRC may be difficult to interpret in resolving 
parameters of basic physical significance, such as first crack stress and multiple cracking. 
On the other hand, although the tensile test takes more time than the flexural test to be 
carried out, the interpretation of the tensile behaviour is simpler than that of the flexural 
behaviour. In this study, the uniaxial tensile test has been carried out in order to 
interpret stress-strain curves and develop the mathematical model for the dynamic 
behaviour of the hybrid fibre cement composite. 
3.5.2. Test procedures 
An Instron 1122 (maximum load capacity -. 0.5 tons, 5kN) was mainly used 
for the uniaxial tensile tests. Regarding the glass fibre reinforced composites containing 
more than 1.6% glass fibre by volume, the tensile tests were carried out with Instron 
1185 (maximum load capacity - 10 tons, 98kN), because the ultimate strengths of the 
composites were theoretically predicted to be beyond the maximum load capacity of an 
Instron 1122. Strains at each side of the specimen were measured, using linear variable 
differential transformers (LVDT) attached to a clip-on extensometer with 100mm gauge 
length, as shown in Figure 3.6. 
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Figure 3.6 The clip-on extensometer. 
The output was electrically averaged and a single load-strain plot obtained on 
an X-Y recorder (Task 1). In order to determine accurately the uncracked composite 
elastic modulus and cracking strain, an X-Y-Y recorder was used simultaneously, where 
the strain output from the LVDT on each side of the specimen was recorded up to 0.5% 
strain at a larger magnification (Task 2). The recorder strain scale was calibrated 
against known movements of the extensometer fixed to a micrometer bench before each 
day's testing (Figure 3.7). 
-'I 
3 
Figure 3.7 Extensometer mounted on calibration bench. 
(3-4) 
The load signal was taken from the load cell and the load scale was calibrated 
using the Instron's own internal reference calibration facility, Also these signals were 
input to an Autonomous Data Acquisition Unit (ADU) system to enable automated 
calculation, analysis and graph plotting to different scales, The ADU system was 
controlled by Dialog software. The scan rates of Task I and Task 2 were I second and 
100 milliseconds, respectively, 
Figure 3.8 shows the apparatus for the untaxial tensile tests, On the test 
specimens of 25mm wide and 300mm long, their middle third positions were marked to 
attach the extensometer. In setting the test specimen, it was first gripped in the top jaw 
where a lead strip about 2mm thick and 30mm wide was placed between the specimen 
and the jaw to prevent grip failures. Then the extensometer was attached on the In 
specimen and the pins fixing the knife edges were removed, The two X-Y chart I'D 
3,8 
recorders and ADU system set to zero before starting tests. The bottom jaw was then 
tightened on to the specimen with a lead strip. The loading in tension and the collecting 
data by the ADU system were started at the same time. All specimens were tested at a 
constant cross-head speed of l0mm/min, equivalent to an overall composite strain rate 
of about 3.5%/min. 
Figure 3.8 Apparatus for the uniaxial tensile test. 
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3.6. Crack spacing 
A 
-r- After tensile testing, the number of cracks in 50mm length within the gauge 
span was counted under the microscope, Identification of cracks was assisted by 
highlighting the cracks by wetting the specimen surface. Typical cracks formed on the 
specimen are shown in Figure 3.9. The crack spacl III ing is simply given by 
50mm/ the number of cracks 
Figure 3.9 Typical cracks formed on the composite reinforced with 4vol% of 
polypropylene networks and 0.8vol% of continuous glass fibres. 
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CFLA, PTER 4 
4. TENSILE BEHAVIOUR OF GLASS/POLYPROPYLENE FIBRE HYBRID 
CEMENT COMPOSITES 
1. Introduction 
Tensile testing is usually carried out to characterize the effect of the fibre 
reinforcement on the toughness of the composite and the crack control performance of 
the fibre. The major role of the fibres in FRC is performed in the post-cracking region, 
where the fibres bridge across the cracked matrix. The fibres can increase the 
toughness of the composite by providing energy absorption mechanisms related to their 
debonding and pull-out processes. When the composite cracks in tension, the load is 
transferred to the fibres. In order to prevent the failure at thattime, the load bearing 
capacity of the fibres should be greater than the load on the composite at first crack. 
These relations can be expressed as the following equation 
aV >E 6 T' +Efs V (4-1) fu fm mu m MU f 
where cyf,, ý - ultimate fibre strength 
Vf fibre volume fraction 
V,,, matrix volume fraction 
F, mu ultimate matrix strain 
Ef : elastic modulus of fibre 
E,, - elastic modulus of matrix 
The right hand term in equation (4-1) represents the first crack stress of the composite. 
When equation (4-1) is satisfied, the catastrophic failure is prevented and the fibres can 
perform their roles effectively. Therefore, the range of the fibre volume was mainly 
chosen to satisfy equation (4-1). Tensile stress-strain curves of various combinations 
of glass/polypropylene fibre cement composites have been obtained to assess the hybrid 
effect in this study. With regard to the salient points on the stress-strain curves such 
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as the first cracking point, the first yield point and the ultimate point, the correlations 
for the fibre volume fractions were examined. 
4.2. Literature survey on hybrid fibre reinforcement 
Hybrid fibre cement composites contain two or more fibre types to utilize the best 
properties of individual fibres. The combination of different fibre types such as high 
and low modulus combination of fibres, has been studied by various investigators. 
Walton and Majumdar (4-2) found that satisfactory composites can be produced by using 
a mixture of organic and inorganic fibres as reinforcements. Organic polymer fibres 
such as nylon and polypropylene substantially improved the impact resistance of the 
matrix, when added to cement or concrete. However, they had very little effect on 
the tensile or bending strength. To enhance the tensile and bending strength, the 
addition of a second fibre such as glass, asbestos or carbon was effective. 
The effect of using steel and polyethylene fibres together in concrete has been 
investigated, in particular with regard to the flexural properties of the composite by 
Kobayashi and Cho (4-3) It was possible to obtain fibre reinforced concrete of superior 
toughness by dispersing short, discontinuous steel and polyethylene fibres, in randomly 
oriented states, in the concrete. The flexural load-deflection curve of hybrid 
reinforced concrete, using polyethylene and steel fibres, was presented in Figure 4.1. 
The load-deflection curve is broadly divided into Region (I) up to the first crack load 
and the subsequent Region (11) to failure. Region (1) is governed by the behaviour of 
steel fibre reinforced concrete containing the same amount of steel fibres as the hybrid 
reinforced concrete. In this region, polyethylene fibres make practically no 
contribution because of their low modulus of elasticity. In Region (II), a maximum 
load is reached mainly due to the reinforcing effect of steel fibres and after the 
maximum point, there is small reduction in load despite increases in deformation, which 
is derived from the ductility of polyethylene fibres. Thus, superior toughness is 
produced in this region. 
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Figure 4.1 Schematic description of the load-deflection curve of a hybrid 
composite with steel and polyethylene fibre. (after Kobayashi and Cho 
(4-3) ) 
In hybrid fibre reinforced concrete comprised of steel fibres and polypropylene 
fibres, Hasaba et al. 
(4-4) indicated that the resistance against impact loads was greater 
than that for steel fibre reinforced concrete and Larsen and Krenchel(4-5) observed that 
the increase in fracture energy was about 40% of its initial value after 10 years of 
outdoor exposure. Also, Zheng and Feldman (4-6), (4-7) have described that the stronger 
and stiffer steel fibre improves the ultimate strength, while the more flexible and ductile 
polypropylene fibre leads to improved toughness and strain capacity in the post- 
cracking region. 
Nicholls 
(4-8) 
evaluated the synergism of combining mineral wool to improve 
stiffness and polyethylene pulp to improve toughness in mortar sheet products. In a 
hybrid micro-reinforced system with carbon, steel and polypropylene fibres, the 
materials properties were found to lie somewhere between those for the equivalent 
mono-fibre systems. More steel fibres lead to an improvement in strength while more 
carbon fibres lead to a more pronounced improvement in toughness and polypropylene 
fibres provided better toughening at large crack opening. 
(4-9), (4-10), (4-11) 
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Flexural tests were carried out on cement-based composites containing, 
individually or in combination, continuous polypropylene networks, chopped glass 
strands and continuous glass rovings by Xu and Hannant. (4-12ý The combined use of 
these fibres can yield higher limit of proportionality and improved flexural performance 
in the post-cracking zone compared with their individual composites. A minor 
increase in the volume fraction of aligned glass rovings ( say, 0.2% ) can significantly 
improve the load-carrying capacity of the hybrid fibre reinforced composites after 
cracking. They concluded that the combination of polypropylene networks and glass 
fibres in a composite can result in a synergistic interaction between the two in a flexural 
system. In another paper reported by Xu and Hannant (4-13) , tensile tests 
have been 
carried out to assess the properties of the same hybrid fibre reinforced composite in 
various combinations of polypropylene networks, glass fibre strands and glass rovings. 
Figure 4.2 demonstrates schematically the significant differences between the behaviour 
of various fibre combinations. 
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II a. bf aa", b" 
/C b 
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Figure 4.2 Schematic description of the effect for combined reinforcement of 
polypropylene networks and glass strands on the tensile stress-strain curve. 
(after Xu and Hannant 
(4-13) ) 
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(1) Stage I- Elastic stage, up to the bend over point a". The external load is shared in 
proportion to the stiffness of the three components, matrix, glass and polypropylene. 
(2) Stage 2: Multiple cracking stage, point a" to b". The multiple cracking length in 
the combined fibre composite is relatively short so that the glass strands appear to 
mainly control stage 2 due to their high elastic modulus and adequate bond stress. 
(3) Stage 3: Point W to 0 in which the load increases relatively rapidly for a small 
increase in strain. In this stage, the debonding of the glass fibre appears to be 
stabilised or partly prevented by the presence of the polypropylene. It is likely that 
both glass and polypropylene fibres carry a greater stress than in either of the single 
fibre composites. The stress transfer mechanism is both elastic and frictional and the 
dominant role is still glass fibres. 
(4) Stage 4- Point c" to d" in which there is a large increase in strain for a small change 
in load. In this stage, the load is thrown gradually on to the polypropylene network 
from the glass fibre and then the polypropylene fibres extend across the cracks until 
failure. 
A typical tensile stress-strain curve of the composite reinforced with 
polypropylene networks, glass rovings and glass strands is presented in Figure 4.3. 
The glass rovings had failed by 0.5% strain without polypropylene and it is surprising 
that they sustain nearly 2% strain with combined fibres. As shown in Figures 4.2 and 
4.3, these kinds of combined reinforcement can yield a composite with a significant 
increase in load-carrying capacity compared with a polypropylene reinforced cement, 
and considerable increase in toughness over a glass reinforced cement. 
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Figure 4.3 Tensile stress-strain curves of the composite reinforced with 
polypropylene networks, glass rovings and glass strands (PP+GR+GS) compared 
with GR+GS composite. (after Xu and Hannant (4-13) ) 
As described above, the effects of combining different fibre types have been 
confirmed in various kinds of hybrid fibre reinforced composites. However, the 
mechanics of the hybrid effect have not been understood. 
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4.3. Tensile stress-strain curves 
Typical stress-strain curves obtained in this investigation for the unreinforced 
matrix and composites reinforced with continuous glass fibres are shown in Figure 4.4. 
In the range of fibre volume fraction from 0% to 4%, seven different fibre contents 
are represented. To improve clarity, the zero points of the stress-strain curves of the 
matrix and the composite containing 0.44vol% glass fibres are offset. 
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Figure 4.4 Tensile stress-strain curves of matrix and composites reinforced with 
continuous glass fibres. 
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These curves were influenced by the condition of the specimens (warping, 
unevenness, porosity, micro-crack) and the gripping arrangement, especially in the case 
of the composites containing less than 1% by volume of glass fibres. This problem 
was not critical for the composites reinforced with higher contents of glass fibres due to 
their flexibility. In the case of the fibre volume of 0.44%, composites failed 
catastrophically. The theoretical critical fibre volume 
(4-14) is 
calculated by 
Vfg(crit) - 
UCC 
a fkU 
where Vf, (,., it)- critical glass fibre volume 
CTCC first crack stress of the composite 
CTfgU ultimate glass fibre stress 
(4-2) 
Assuming cycc of 6.29MPa and c7f, of 1500MEPa, the critical fibre volume is calculated at 
0.42%. As shown in Figure 4.4, the composite containing 0.68 vol% of glass fibres 
keeps its initial cracking stress up to about 0.8% strain and then failed at lower strain 
compared with others. Therefore, the actual critical fibre volume is thought to be 
around 0.68vol%. The initial cracking stresses and the stress-strain curves were 
shifted upward with increasing glass fibre volume fraction. 
The results for the composite reinforced with polypropylene networks alone are 
given as typical stress-strain curves in Figure 4.5. Also, representative stress-strain 
curves for the combination with about 0.4vol% and O. 8vol% glass fibres are shown in 
Figures 4.6 and 4.7, respectively. In each Figure 4.5 - 4.7, the curves for four different 
volume fractions of polypropylene, 2vol% to 9vol%, are indicated. 
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Figure 4.5 Tensile stress-strain curves of composites reinforced with 
polypropylene networks. 
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Figure 4.6 Tensile stress-strain curves of composites reinforced with 
polypropylene networks and continuous glass fibres of 0.43vol%. 
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Figure 4.7 Tensile stress-strain curves of composites reinforced with 
polypropylene networks and continuous glass fibres of 0.82vol%. 
The stress-strain curves for composites with combined reinforcement of 
polypropylene networks and continuous glass fibres rise more steeply than for 
polypropylene alone up to about 1.5% strain, and then drop down as shown in Figures 
4,6 and 4.7 which is thought to be caused mainly by fracture of the glass fibre. 
Hereafter, this first maximum point of the curve is called first yield point (FYP). After 
this point, a horizontal or slightly ascending region can be seen, which requires further 
explanation. This composite still indicates higher stresses up to about 4% strain than 
those of composites reinforced with polypropylene alone. After about 4% strain, the 
stress and strain keep increasing until the specimens fracture, 
As shown in Figure 45a composite containing about 2vol% polypropylene failed 
at less strain than others with more than 4vol%. Also, hybrid glass fibre composites 
combined with 2--')Vol% polypropylene failed immediately after FYP by 2% strain 
(Figure 4.6 and 4.7). The volume of 2-33% of polypropylene is not enough to carry the 
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stress in composites containing glass fibre after the glass fractures. Therefore, it is 
thought that although the critical volume of polypropylene is about 2.4% for only 
polypropylene composites (Figure 4.5), when a hybrid composite is considered the 
increased stress at FYP will require an increased polypropylene -ý'-olume to sustain the 
stress after glass fracture leading to an apparently increased critical volume. This 
follows from the equation (4-14) 
T, -U cc fp(crit) - 
07 
f 
(4-3) 
PU 
where Vfp(crit) critical fibre volume of polypropylene 
(YfPU : ultimate fibre stress of polypropylene 
If the stress at FYP is taken instead of the first crack stress of the composite, cy, the 
equation is 
(FYP) T'fj - 
aul (4-4) 
P(C, jt) a fPU 
where (FYP) Vfp(, -, It) critical 
fibre volume of polypropylene at FYP 
CTUI stress of the composite at FY? 
As CYi increases with glass fibre volume fraction, 
(FYP)Vfp(, 
n, ) Will increase. Thus 
there will be a variable (FYP)Vfp(, rl, ) depending on the glass fibre volume 
fraction. 
The stress-strain curves for composites containing various volume fractions of 
glass fibres, 0- 1.2%, with the constant 4.6vol% polypropylene are shown in Figure 4.8. 
In combination with polypropylene networks, the effect of glass fibres can be seen even 
though their volume fraction is only 0.21%. 
volume fraction of the glass fibre up to FYP 
The stress increased in proportion to the 
For composites with 0.21-0.87vol% of 
glass fibre, the stress was carried by the polypropylene after FYP, and the strain still 
increased up to 7-8%. The composites with more than 1.09vol% of glass 
fibres 
indicated higher stress at FYP. However , they 
failed soon after this point. The 
tensile behaviour after FYP therefore depends on the balance between the stress and the 
fibre volume fraction of the polypropylene. 
i. e. at FYP of 18ANVa, cyfp,, =-'3'7-')MPa 
(p. 70), (FYP)\Tfp(,: n, )=18.4/-')7-'3=4.9ý/ý 
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Figure 4.8 Tensile stress-strain curves of composites reinforced with 
polypropylene networks of 4.6vol% and continuous glass fibres. 
52 
4.4. Method of determination for characteristic values from tensile stress-strain curves 
Figures 4.4-4.8 show the differences between the behaviour of various fibre 
combinations. Figure 4.9 demonstrates schematically the tensile stress-strain curve for 
a hybrid composite with polypropylene networks and continuous glass fibres. 
Notations used in the Figure are explained below. 
6,,,,, - strain at BOP (bend over point = point a) 
cy, : stress at BOP 
Ec - elastic modulus up to BOP , point o to a 
6ul strain at FYP 
(Yu stress at FYP 
E2 modulus between point b and c 
T,,, toughness up to FYP (It is assessed by calculating the area under the stress- 
strain curves expressed as energy absorbed per unit volume of the composite. ) 
E3 - modulus at 5-6% strain, between point e and f 
6, - ultimate strain 
a,, - ultimate stress 
Tu - toughness up to the ultimate point 
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Figure 4.9 Schematic tensile stress-strain curve of composite reinforced with 
polypropylene networks and continuous glass fibres. 
After the elastic region (o-a) , 
first cracking occurs at the point a. The 
composite cracks successively to generate multiple cracking at approximately constant 
stress which is equal to the first crack stress, cycc (a-b). After the multiple cracking 
region, the stress and the strain increase again until one of the fibres falls at the point c 
named first yield point. In the glass/polypropylene hybrid cement composite, the glass 
fibre fails first because of the lower ultimate elongation than that of the polypropylene. 
The stress-strain curve for the composite reinforced with the single fibre ends at the 
point c. Beyond the first yield point, the sudden drop of the stress can be seen in most 
of the hybrid composites. However, the points d and e are variable in the dotted 
region depending upon the loading speed and the balance of each fibre volume fraction. 
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At the ultimate point f, the hybrid composite fails with the failure of the second fibre, 
polypropylene. 
Measuring stress-strain points collected by the ADU system between I NIPa and 
6NTa by stress were regressed to the straight line, because the stress-strain curves xvere 
sufficiently stable in this region. The elastic modulus E, was given as the slope (X 
coefficient) of the line. In this stress range, the good linearity xvas obtained. Also a 
simple linear regression line was obtained after the bend over point a from the strain 
range, 1000 to 2500 micro-strains. The strain and the stress at BOP (6mu, cyc,: ) were 
determined by the cross point of these two straight lines. Representative examples of 
regression lines and their regression outputs are presented in Figures 4.10 and 4.11. 
The explanation of regression outputs is described in APPENDIX I including 
comments on regression lines a to b. 
As shown in these Figures, immediately after the elastic region, the stress-strain 
curves are occasionally unstable up to about 1000 micro-strains. In most of the 
composites containing more than 0.8 vol% glass fibres, their stresses began to rise again 
at a little over 3000 micro-strains. Hence , the regression 
lines obtained from the 
strain range, 1000 to 2500 micro-strains, are regarded as proper to determine the bend 
over point. 
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The second elastic modulus E2 was given as the slope of the simple linear 
regression line obtained from measuring points between b and c. The representative 
regression line is shown in Figure 4.12. It was difficult to specifý, uniformly the rangre 
between b and c. Therefore, the proper stress range for regression was determined 
individually according to the load-strain curve on a X-Y recorder. 
Figure 4.13 demonstrates the regression line for the third elastic modulus E; 
The E3was given as the slope of the line regressed from measuring points between 5% 
and 6% strain. The first yield points and the ultimate points were determined directly 
from the stress-strain curves. 
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4.5. Correlation for the fibre volume fractions 
In the hybrid cement composite reinforced with continuous glass fibres and 
polypropylene networks, the fibre orientation can be regarded constant so that the fibre 
volume fractions are the dominant variables for the tensile behaviour. Thus, the 
correlations between characteristic values in tensile stress-strain curves and the fibre 
volume fractions of glass fibres and polypropylene networks were examined. 
4.5.1. Bend over point (BOP) 
The strains at BOP (F,,,,,, ) are plotted against the volume fraction of polypropylene 
(Vfp) and glass fibre (Vf, ) in Figures 4.14 and 4.15, also the stresses at BOP are 
plotted in Figures 4.16 and 4.17, respectively. Figures 4.14 and 4.16 show three lines 
corresponding to 0%, 0.4-3% and 0.82% by volume of glass fibres. In Figures 4.15 
and 4.17, the volume fraction of polypropylene is constant, 4.6%. All the lines are 
drawn, based on the simple linear regression model where the value of R2 is the 
coefficient of determination. The meaning of R2 is mentioned precisely in APPENDIX 
I (p. 28 0). It provides rough index of the degree to which a set of plotted points 
cluster about the regression line. 
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Figure 4.14 Strain at BOP (c.. ) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.15 Strain at BOP (c.. ) vs. volume fraction of glass fibre (Vfg). 
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Figure 4.16 Stress at BOP (a,, ) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.17 Stress at BOP (cr,,,, ) vs. volume fraction of glass fibre (Vfg). IT, # 
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In Figure 4.14 and 4.16, the plotted points show considerable scatter about the 
regression lines at around 2-33% of Vfp. However, these lines can be regarded to have 
a positive trend in general. According, to the values of R% the lines for composites 
without glass fibres show higher linearity than those with glass fibres 
The plots are scattered in Figure 4.15 and the regression line seems to be almost 
horizontal in Figure 4.17. Therefore, the correlation of the glass fibre volume fraction 
in this range, 0 to 1.2%, with the strain and the stress at BOP is low in combination with 
4.6vol% of polypropylene. In general, the polypropylene fibre of which elastic 
modulus is lower than that of the matrix, is thought to have little effect for BOR 
However, in the glass/polypropylene hybrid cement composite, the polypropylene was 
actually more effective than the glass fibre (Vfg<1.2%). At BOP, uniformly distributed 
polypropylene networks could suppress the crack initiation. The glass fibre volume 
fraction less than 1.2% is insufficient for the crack suppression. 
4.5.2. First yield point (FYP) 
The strains at FYP are plotted against Vfp and Vf, in Figures 4.18 and 4.19, the 
stresses at FYP are plotted in Figures 4.20 and 4.2 1, and the plots for toughness up to 
FYP are presented in Figures 4.22 and 4.23, respectively. As FYP can be seen only in 
hybrid composites, two lines corresponding to 0.43% and 0.82% of Vfg are indicated in 
Figures 4.18,4.20 and 4.22. 
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Figure 4.18 Strain at FYP (c. 1) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.19 Strain at FYP (cul) vs. volume fraction of glass fibre (Vfg). 
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Figure 4.20 Stress at FYP (aul) vs. volume fraction of polypropylene (Vfp). 
Figure 4.21 Stress at FYP (CF. 0 vs. volume fraction of glass fibre (Vf, ). 
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Figure 4.22 Toughness up to FYP (Tul) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.23 Toughness up to FYP (Tul) vs. volume fraction of glass fibre (Vf, 
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Regarding the strain at FYP, the correlation for N, 'fp and Vf, is not good. The 
strain for 4-8% of Vfp seems to be almost constant in Figure 4.18. A slight negati-ve 
trend can be seen as the correlation for Vf, in Figure 4.19. On the other hand, the 
stress at FYP and the fibre volume fraction are correlated well as a posltl,,,, e linear 
relationship, shown in Figures 4.20 and 4.2 1. The stress at FYP can be regarded to be 
dominated by both Vfp and Vfs. Although the toughness for N/"fp Indicates the same 
trend as the stress in Figure 4.22, the positive correlation cannot be confirmed for Nf,. 
As presented in Figure 4.23, the toughness seems to be almost constant regardless of 
the glass fibre volume fraction. It is related to the negative trend between the strain at 
FYP and Vfg (Figure 4.19). Since the plots in Figures 4.19,4.21 and 4.23 are 
represented only for 4.6% of Vfp, they are not enough to enable a discussion about the 
mechanism of reinforcement for toughness at FYP. This aspect requires further 
research. 
4.5.3. Ultimate point 
The ultimate strains are plotted against Vfý and Vf, in Figures 4.24 and 4.25, the 
ultimate stresses are plotted in Figures 4.26 and 4.27 and the ultimate toughnesses are 
shown in Figures 4.28 and 4.29, respectively. 
The ultimate strains are greatly influenced by whether the fibre volume fraction of 
the polypropylene is more than the critical value at FYP or not, As mentioned before, 
the critical fibre volume of polypropylene determined by FYP will vary depending on 
the glass fibre content. In Figure 4.24, the strains up to 3% of Vfp are much smaller 
than that of over 4% of Vfp. This is caused by the lower volume of fibres being less 
than the FYP critical fibre volume. In the range of more than 4% of Vfp, the strains 
seem to be constant. On the other hand, hybrid composites with more than 1% of N"fi, 
failed immediately after FYP, and hence, the ultimate strain was equal to the strain at 
FYP. Therefore, the ultimate strains for over 1% of Vfg are much smaller than those 
for up to I%. In the range of less than 1% of Nl'f,, the correlation between the ultimate 
strain and Vf, cannot be confirmed. 
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Figure 4.25 Ultimate strain (cj vs. volume fraction of glass fibre (Vfd. 
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Figure 4.26 Ultimate stress (cru) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.27 Ultimate stress (cru) vs. volume fraction of glass fibre (Vf, ). 
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Figure 4.28 Ultimate toughness (Tu) vs. volume fraction of polypropylene (Vfp). 
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Figure 4.29 Ultimate toughness (Tj vs. volume fraction of glass fibre (Vfg 
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In Figure 4.26, a high positive linearity was obtained from the correlation between 
the ultimate stress and Vfp which indicates a constant polypropylene strength of about 
373Wa, assuming cTu=cyfpuVfP, where cyfpu is the ultimate stress of the polypropylene. 
On the contrary, the ultimate stress seems to be constant regardless of V& at 4.6% of 
Vfp in Figure 4.27. In the case of Vfp exceeding the critical fibre volume, the glass fibre 
may not affect the ultimate stress, When Vfp is less than the critical fibre volume, the 
glass fibre may have an effect on the ultimate stress. 
The ultimate toughness for Vfý indicates the same trend as the stress, as shown in 
Figure 4.28. In Figure 4.29, the toughnesses for Vfg are decreased remarkably in the 
range of more than 1% of Vf,, for the same reason as the ultimate strain (refer to Figure 
4.2 5). i. e. the polypropylene volume has reduced below (FYP)Vfp(ci, ). 
4.5.4. Modulus E, E2and E3 
The modulus E, E2 and E3 are plotted against Vfý and Vf, in Figures 4.30-4.35, 
respectively. As shown in Figures 4.30 and 4.3 1, there seems to be no correlation 
between E,, and the fibre volume fraction. The modulus E, is thought to be mainly 
dominated by the matrix, According to Figure 4.33, the modulus E2 is dominated 
obviously by glass fibres. The contribution of polypropylene networks is also 
confirmed in Figure 4.32. The main dominant role is thought to be glass fibres 
because there is no FYP without glass fibres. Therefore, both contribution of glass 
fibres and polypropylene networks should be taken into consideration regarding the 
modulus E2. In Figure 4.34, there is a good correlation between E3 and Vfý. This 
would be expected as the slope=EfVf which for 0% glass fibre would give a modulus for 
the polypropylene at high strains of about 3.2GPa. Figure 4.35 shows no correlation 
between & and Vf, probably because the glass is broken into short lengths at strain over 
4%. 
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Figure 4.31 Modulus E, vs. volume fraction of glass fibre (Vfd. 
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Figure 4.34 Modulus E3vs. volume fraction of polypropylene (Vfp). 
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Figure 4.35 Modulus E3 VS-volume fraction of glass fibre (Vfg, ). 
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4.5.5. Crack spacing 
The crack spacings are plotted against Vfp and Vf, in Figures 4.36 and 4 . 37. 
respectively. As shown in Figure 4.36, the relationship between the crack spacing and 
Vfp is not linear, but it is likely to be an inverse proportional correlation. The crack 
spacings are also reduced by the addition of glass fibres. In Figure 4.37, the effect of 
glass fibres is found when plots for 0.2% of Vfg are compared with those for "Nithout 
glass fibres, but it cannot be seen for more than 0.2% of V& at 4.6% of N'f,. Ho"ve"'er 
when Vfp is less than the FYP critical fibre volume, the effect of glass fibres appears. 
This is obvious from Figure 4.36 at 2-3% of Vfp where higher volumes of glass fibres 
give smaller crack spacings. Surprisingly the crack spacings for composites containing 
more than 0.8% of Vfg at 4.6%Vq, increase. This may indicate that the composites 
have failed before the completion of multiple cracking. 
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Figure 4.36 Crack spacing vs. volume fraction of polypropylene (Vfp). 
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Figure 4.37 Crack spacing vs. volume fraction of glass fibre (Vfd. 
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4.6. Multiple regression analysis for the second elastic modulus E2 
As described above, it is obvious that the salient points in the tensile stress-strain 
curve of the hybrid fibre cement composite are under the influence of the fibre volume 
fraction. Before discussing the mathematical model for the tensile behaviour, the 
contribution ratios of the glass fibre and the polypropylene networks will be discussed. 
In this section, the second elastic modulus E2 in Figure 4.9, is focused on. 
Regarding the first elastic modulus E, shown in Figure 4.9, it can be expressed 
using the simple mixture rule as follows. 
Ec = EfgVfg + EfpVfp +EV.. (4-5) 
where Efg, Efp and E,,, are the elastic moduli of the glass fibre, the polypropylene and 
matrix, respectively. Vm is the volume fraction of matrix. In the second elastic 
region, there is assumed to be no influence from the cracked matrix. The contribution 
ratios of the glass fibre and the polypropylene networks for the second elastic modulus 
E2will be discussed from the statistical point of view. The modulus E2 is assumed to 
be expressed as following equation. 
aý Efp F+a, Efg F+a fp - f9 0 
where a,, a2 : coefficient 
ao * constant 
(4-6) 
This equation includes two independent variables, Vfý and Vfg. In such a case, multiple 
regression analysis can be used to obtain values a, and a?. In this section, the modulus 
E2 is analysed for all data of Vfp and Vfý, on trial. 
The result of the multiple regression analysis is presented in Table 4.1. The form 
of the multiple regression equation xx,, ith two independent variables is: 
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Y= AIX, + A, X, + Ao (4-7) 
where Y is called response variable, X, and Xý are called regressor variables, AI and A2 
are regression coefficients and Ao is a constant 
Vfp and Vfý, were applied as X, and X?, respectively 
a2Efg in the equation (4-6). 
Table 4.1 Multiple regression analyses for E2. 
Y= AIX, + AX, + AO 
Response variable Y-E? 
A, and A7 correspond to aE, ý and 
Regressor Regression F-value confidence 
variable coefficients 
X, : Vfp A, - 6.587 204.8102 99 
X2 
-V fg 
A2 
. 83.091 1034.6493 
99 
Ao -. -0.21949 7.18 at 1% 
The coefficient of determination R2=0.9551 
The multiple regression equation is expressed as below. 
E, = 6.587Vfp + 83.09 lVfg - 0.21949 (4-8) 
As a result of the F-test on individual regressor, each F-value of the regressor is 
sufficiently larger than the value at 1%, which indicates that these regressor variables, 
E2, with 99% confidence. Vfp and Vfg, are certainly related to the response variable, 
The analysis of variance for significance of regression is presented in Table 4.2. This 
F-value is also sufficiently larger than the value at 1%, which suggests that this multiple 
regression model is adequate with 99% confidence. C 
E2was applied as Y, corresponding 
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Table 4.2 Analysis of variance table for the multiDle reLyression. 
- Source of Sum of Degrees of Mean F-value Confidence 
Variation Squares Freedom Square (%) 
Regression 2.92795 2 1.46398 52" 1.6 081 99 
Residual 0.13753 49 0.0028 
Total 3.06548 51 
5.07 at 1% 
In Figure 4.3)8, experimental values are plotted against calculated values obtained 
from the equation (4-8). 
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Figure 4.38 Comparison between calculated values and experimental values for 
the modulus E2. 
As shown in this Figure, this equation is in a good agreement with experimental 
values. Since Efp and Ef, are constants, the equation (4-6) is expressed as follows. 
Assuming Efp=IOGPa. Ef, =72GPa. 
78 
E, = 0.65 87E V+1.1 54E V-0.21949 (4-9) fp fp f9 f9 
The coefficients, a, and a2, are 0.6587 and 1.154 from the equation (4-9), 
therefore the degree of contribution of the polypropylene and the glass fibre for E2 can 
be estimated as 0.6587/1.154=1/1.75. However, as described before, the Efý for the 
polypropylene is not accurately known and varies with strain. If Efp equals to 6GPa 
instead of I OGPa, then 
E., = l. 098EfpVfp + 1.1 54EfgVfg - 0.21949 (4-10) 
and the degree of contribution of the polypropylene and the glass fibre is 
1.098/1.154=1/1.05, which means the effect of each fibre is approximately equal. 
Therefore, it seems to be possible to use the mixture rule without matrix for the second 
elastic modulus E2. 
As mentioned above, multiple regression analysis is supposed to be useful to 
estimate the contribution ratio of several factors in a certain variable. Taking these 
statistical results into consideration, the mathematical model for tensile behaviour will 
be developed in Chapter 7. 
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4.7. Resume 
Stress-strain curves for composites containing various combinations of 
polypropylene networks and continuous glass fibres, were obtained by tensile tests. 
The first yield point could be seen characteristically in the curve for hybrid composites. 
The critical fibre volume of the polypropylene at FYP will vary depending on the glass 
fibre volume, which controls FYP according to the equation (4-4). In this work, the 
benefits of combining polypropylene and glass fibres were apparent for glass fibre 
volumes greater than 0.2% at polypropylene fibre volumes of 4.6%. 
The stress, strain and toughness at bend over points, first yield points and ultimate 
points, the modulus in several regions and the crack spacing were plotted against the 
fibre volume fraction. These properties were more or less dominated by both 
polypropylene networks and glass fibres. 
Multiple regression analysis was used to obtain a model equation for E2which 
was expressed in terms of Vfp and Vf, The equation indicated a good agreement with 
experimental values. It can be assumed that both fibres affect the reinforcement of the 
hybrid composite synergistically up to FYP. In order to develop a mathematical model 
for the tensile behaviour, the synergistic effect of both fibres should be taken into 
account. 
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CHAPTER 5 
5. MICROSTRUCTURAL PARAMETERS IN COM[POSITES 
1, Introduction 
The fracture behaviour of glass reinforced cement is controlled by the bond 
strength at the interface between the fibre bundle and cement and also by the fracture of 
individual filaments within the bundle at stresses near to the ultimate stress of the 
composite. (5-1) Both interfacial bond strength and filament fracture are important to the 
understanding, and prediction, of the behaviour of glass/polypropylene hybrid fibre 
composites (5-2) As part of a major programme of this study into hybrid composites, the 
perimeter of the glass fibre strand in contact with cement has been measured and the 
development of the glass filament fracture within the composite is examined in this 
Chapter. 
5.2. Frictional shear bond strength 
In FRC composites, if the following relation is satisfied, a process of multiple 
cracking 
(5-3) 
is initiated. 
afuVf > cmuEc 
where (7f,, - ultimate strength of fibre 
Vf : fibre volume fraction 
E;.,, -, composite strain at first cracking 
Ec .- elastic modulus of the composite 
The additional load will be transferred back into the matrix over a transfer length x in 
Figure 5.1 (a) and the matrix will eventually fracture into segments of length between x 
and 2x, where x is determined by the rate of stress transfer between the 
fibre and the 
matrix. The strain distributions in fibres and matrix between the matrix cracks are 
shown in Figure 5.1 (b). 
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(54) Figure 5.1 Schematic description of multiple cracking 
(a) crack spacing (x and 2. x-) 
(b) strain distributions in fibres and matrix 
I +(x/2) 
2 
The transfer length x is calculated from the simple balance of the load cTmuV,, 
needed to break unit area of matrix and the load carried by fibres across the same area 
after cracking. This load is transferred over a distance x by the limiting maximum shear 
stress -cf, Assuming fibres of circular cross-section of radius i-, the value of x can be 
derived 
. 
Ff 
fu mu m 7T7" - 
T' U* I' 
therefore, X--. -M MU T' 2 -r f fu 
where cymu ultimate strength of matrix without fibres 
Vm matrix volume fraction 
(5-2) 
(5-3) 
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The same principles can be applied to fibres of irregular cross section as folloxvs. 
T' umu * Af X -= M T' . 
Z- - fý Pf 
where Af - cross sectional area of fibre 
Pf, perimeter of fibre 
(5-4) 
The actual average crack spacing was statistically obtained as (1.364±0.002)x by +-Orn 
Gale. (5-5) Hence, the frictional bond stress is calculated based on the following, 
equation. 
V -Af rfu=1.364 '. mu (5-5) Vf C- Pf 
where C is average crack spacing. 
Assessments of the fibre-matrix frictional shear bond strength Tft, from 
measured crack spacing in FRC relies on a knowledge of the perimeter of the fibre 
bundle in contact with cement and the fibre volume fraction. All of the parameters, 
except for Pf, on the right hand side of equation (5-5) can be accurately calculated or 
measured and therefore the study was focussed on how to determine Pf. The 
calculation of bond strength from Laws et al. ('-') also requires an accurate knowledge of 
Pf because these variables relate all their bond parameters to (PfTf, ) rather than to Tfi, 
5.3. Scanning electron microscope (SEM) observation 
The microstructure of the composites was observed using a Cambridge S250 
scanning electron microscope (SEM). The cross-sections of the lass/polypropylene 9 
fibre hybrid cement composites were observed on the cut surface by detecting secondary 
electrons. Typical glass fibre strands on the cut cross-section of the composite are 
shown in Figure 5.2 (a) and enlarged in Figure 5.2 (b). 
8 
Figure 5.2 Glass fibre strands on the cut cross-section of the hybrid composite. 
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In these composites, the reinforcing unit for glass fibre is not a single filament 
but rather a bundle of filaments surrounded by the matrix. The spaces between 
filaments are too small for cement grains to penetrate and as a consequence, only the 
external filaments are in direct contact with the matrix. Similar conditions . vere 
observed by Stucke and Majumdar 
(5-7) The interface between the fibre and the matrix 
is magnified in Figure 5.3. 
Figure 5.3 (a) shows the interface between glass fibre and matrix, and Figure 
5.3 (b) shows that between polypropylene and matrix. The perimeter and cross 
sectional area-of the glass strands and the polypropylene have to be obtained to calculate 
the bond strength. As shown in these Figures, the complex micro structural 
arrangement makes it difficult to deternune an exact perimeter of the glass strand. 
Therefore, the image analysis was adopted for this purpose. 
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(a) Glass fibre 
(b) Polypropylene 
Polypropylene - 
Figure 5.3 Interface between fibre and matrix. 
( Spheres in (b) are P. F. A particles ) 
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5.4. Image analysis 
5.4.1. Test method 
In order to obtain an actual value of the perimeter of the glass fibre strand in 
contact with the cement, an image analyser, Quantimet 920 (Cambridge Ltd. ), Xý, 'as used. 
However, there was a practical problem in analysing the screen images directly, because 
they were not clear enough to be analysed with respect to the contrast between fibre 
strands and the matrix. Thus, an SEM observation was carried out to take pictures in 
advance. The composite specimens were cut in cross section and embedded in epoxy 
resin. They were polished to a 91000 grit level with a silicon carbide paper and finished 
with 6ýtrn and 1ýtrn diamond spray polishing. To improve the contrast in the 
photographic image, the specimens were observed by detecting backscattered electrons 
with an SEM. In SEM observations, abundant secondary electrons are emitted from a 
specimen and are most commonly used as the imaging signal. 'Backscattered electrons 
are not usually as numerous as secondary electrons but most of them carry high 
energies. ('-') The number of backscattered electrons is strongly dependent on the 
atomic number of the specimen whereas those of secondary electrons are not. 
Therefore, a high resolution image with good contrast can be obtained because of the 
difference of the atomic number for the main components between glass and cement 
matrix. 
The shapes of the glass fibre strands were traced on tracing papers and then 
analysed using the Quantimet 920. This equipment can control penetration of the 
reflected rays with particular wave lengths that make the different materials 
distinguishable by their colours. In this work, the individual perimeters (Pfg) and areas 
surrounded by perimeters (A'fg) of the glass fibre strand were measured (includes voids 
filled with size). It was also programmed to calculate Afg/Pfs and Af, /Pfg for each 
strand. Af, is an area occupied by filaments in each strand. Thirty three strands each 
containing 100 filaments were analysed. 
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5.4.2. Results and discussion 
A typical backscattered electron image of the glass fibre strand is presented in 
Figure 5.4. The strand in the hybrid composite is shown in Figure 5.4 (a). Figure 5.4 
(b) is a single strand embedded in epoxy resin. In these photographs, the perimeter of 
the glass fibre strand can be determined clearly. Traced glass fibre strands on papers 
were analysed by the Quantimet 920. The result of the image analysis is presented in 
Table 5.1. 
The perimeter in contact with cement of the glass fibre strand consisting of 204 
filaments has been estimated to be 2640ýtm by Krenchel('-9) and 2830ýtm by Oakley and 
Proctor. ('-") Compared with these values, the obtained perimeter of 1097ýlm with a 
range between 802pm and 1363pm and a standard deviation of 143pm for our strand 
with 100 filaments seems to be a reasonable value. Af, was calculated to be 15394 ýIM2, 
assuming l4pm of diameter and 100 filaments in each strand. Using A'f, of 23339ýtM2 
from Table 5.1, this means that the glass occupies 66% of the strand volume. Since the 
applied load on the glass fibre strands is carried by the true glass filament area, Af, /Pf, 
should be used in calculations. 
With respect to the polypropylene networks, since they are made from films, 
the shape of the cross section of the individual fibres after fibrillation is generally 
rectangular. Typical cross sections of the polypropylene networks in white cement 
paste are presented in Figure 5.5. White cement as the matrix was useful to obtain a 
good contrast between the polypropylene and the matrix. A number of 
hairs of the 
polypropylene causing physically good bond with matrix were observed. These 
hairs 
make it difficult to determine the perimeter of the polypropylene in 
direct contact with 
the matrix. Ohno(5-11) measured the perimeter Pfý and cross sectional area AfP of the 
polypropylene networks by the image analysis. Pfp of 223pm, Afp of 3808 ýIM2 and 
Afp/Pfp of 17.08pm were obtained as the average value of 682 fibres. 
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(a) In the hybrid composite 
(b) Single strand 
Figure 5.4 Backscattered electron image of the glass fibre strand. 
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Table 5.1 Results of the image analysis on the cross section of the hybrid composite. 
(A'fg is area contained within strand perimeter, NOT area of glass fibre. ) 
sample No. A'f, (ýtm 2 Pf,, (ýtm) A'f, / Pf, A, - / Pf, 
1 15216 932 16.33 16.52- 
2 13878 859 16.16 17.92 
3 20060 990 20.26 15.55 
4 20718 1239 16.72 12.42 
5 21491 898 23.93 17.14 
6 17035 905 18.82 17.01 
7 21686 1022 21.22 15.06 
8 23054 1061 21.73 14.51 
9 29512 1307 22.58 11.78 
10 19767 1008 19.61 15.27 
11 21712 1210 17.94 12.72 
12 28067 1359 20.65 11.33 
13 23370 995 23.49 15.47 
14 23640 1132 20.88 13.60 
15 28592 1175 24.33 13.10 
16 27053 998 27.11 15.42 
17 26481 1363 19.43 11.29 
18 23542 1258 18.71 12.24 
19 19865 1022 19.44 15.06 
20 25504 1171 21.78 13.15 
21 25918 1232 21.04 12.50 
22 24729 1095 22.58 14.06 
23 24349 1259 19.34 12.23 
24 24774 993 24.95 15.50 
25 24306 1147 21.19 13.42 
26 19230 802 23.98 19.19 
27 22743 1102 20.64 13.97 
28 26162 1037 25.23 14.84 
29 25708 1202 21.39 12.81 
30 24742 1085 22.81 14.19 
31 29207 1247 23.42 12.34 
32 20172 946 21.32 16.27 
33 27886 1154 24.16 13.34 
average 233338.76 1097.12 21.31 14.28 
minimum 13878 802 16.16 11.29 
maximum 29512 1363 27.11 19.19 
std '788.55 143.10 2.59 1.9 
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Figure 5.5 Polished cross-section of the polypropylene network in white cement. 
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5.5. Calculation of bond strength 
Uniaxial tensile tests were carried out for composites reinforced with 
continuous glass strands aligned with the direction of applied load. The stress-strain 
curves are shown in Figure 4.4 in Chapter 4. Crack spacing was measured after failure 
and the glass fibre-matrix frictional shear bond stress was calculated from equation (5-5). 
Table 5.2 shows the calculated value of the bond stress -cf,,, at each fibre volume. 
Table 5.2 The calculated fibre-matrix frictional shear bond strength of composites 
reinforced with continuous glass fibres. 
Sample No. Vf-, a cy,,,,, (W a) C (nu-n) Tf,,, * (MPa) 
AR161 1.68 5.39 3.33 1.85 
162 1.55 5.30 2.94 2.23 
163 1.48 6.02 3.13 2.50 
average 1.57 5.57 3.13 2.19 
AR241 2.54 6.79 2.94 1.73 
242 2.38 6.17 3.33 1.48 
243 2.32 5.42 2.50 1.78 
average 2.41 6.13 2.92 1.66 
AR321 3.25 7.22 2.78 1.51 
322 3.24 6.88 2.78 1.44 
323 3.16 6.68 2.63 1.52 
324 2.96 6.97 2.27 1.96 
average 3.15 6.94 2.56 1.61 
AR401 3.88 7.50 2.63 1.37 
402 3.76 7.25 2.94 1.23 
403 4.05 7.97 2.27 1.62 
404 4.19 7.32 2.50 1.31 
average 3.97 7.51 2.57 1.38 
Vfý, : glass fibre volume fraction 
cy.,, : matrix crack strength 
crack spacing 
Tfeu : glass fibre- matrix frictional shear bond strength 
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It can be seen from Table . 
5.2 that the average bond strength apparently 
decreases from 2,19NTa at Vfg=1.57% to 1.38NWa at V&=. 3.97%. These values 
compare with between INTa and 2NTa, depending on age and curinia conditions, as 
determined by Laws et al. (5-6) They investigated the bond strength between glass 
strands and cement with the value of Pf-cfgu by fibre pull out test, Ný-here Pf is the 
perimeter of the fibre strand. They used the Cem-FEL 2 fibre strands consisting of 
approximately 200 individual filaments. After 7 days initial cure period at 90% RH and 
20'C, PfTfp was 4N/mm. " They indicated that PjTf,, ý was altered as a function of time 
and storage condition. For water storage at 20'C, Pf-cfgu increased with storage time. 
, rf,,, is deduced to be IANTa using a value of 2830ýtm for the perimeter of the strand 
obtained by Oakley and Proctor. (5-10) This is of the same range as the value calculated 
here. 
It can also be seen from Table 5.2 that the cracking stress of the matrix 
apparently increases with glass fibre volume possibly due to crack suppression. (5-12) 
This influences the calculated bond strength although probably not the real bond 
strength if such a parameter exists. However this would not explain the apparent 
reduction in bond strength with increase in fibre volume which may imply that equation 
(5-5) is an oversimplification of the real situation over a range of fibre volumes. 
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5.6. Glass fibre fracture in hybrid composites 
A schematic tensile stress-strain curve of a hybrid composite reinforced xvith 
continuous glass fibres and polypropylene networks was presented in Figure 4.9 in 
Chapter 4. It is thought that the glass fibres fracture at just before point c but it is not 
known whether all the filaments in a strand fracture simultaneously or - whether 
progressive fracture occurs with the most highly stressed filaments failing first and 
transferring the load to less stressed filaments in the core of the strand. Therefore, the 
development of strand and filament fracture within the composite is examined in this 
section. 
A hybrid composite was manufactured with 4.6% by volume of continuous 
polypropylene nets and 0.8% by volume of glass fibres. Specimens were tested in 
uniaxial tension and unloaded at three different stages i. e. about 1% strain Oust before 
point C on Figure 4.9), at 2% strain (after point c) and at about 5% strain. The 
unloading points on the stress-strain curves are shown on Figures 5.6 (a), (b), (c). 
After test, each specimen was immersed in dilute hydrochloric acid for 7 
days to dissolve the matrix. The matrix was washed out by flowing water and the first 
layer of the polypropylene was then removed with great care to reveal the glass fibre. 
The condition of the glass fibre was then observed under a stereoscopic microscope 
"' 19111) and the results are shown in Figure 5.7 in which Figure 5.7 (a) is a (Olympus SZ I 
representative photograph taken before loading. 
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(a) about 1% strain 
20 
15 
lu 
5 
(b) about 2% strain 
(c) about 5% strain 
236 
Strain 
20 
M 15 
rA 
/ 10 
0 
012346 
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20 
15 
10 
0 
12346 
Strain Clo) 
Figure 5.6 Tensile stress-strain curves of the observed specimens at three 
different strains. 
95 
or 
AD 
AW. 
N-A 
4. 
I' 
tit, 
-D 
Jýf 
1 
J4, 
0: 
UOK 
Ap 
(r, .4 
, 04 
i;, I 
. 0ý 'I 
I. 
A4- 
.1) 
I at 1 A, jAT 
A 
96 
'I 
4 : %'". 
. 111 
Li. 
*At 
06 
le '. , IM 
El 
E 
0 
*Z 
(A 
16- 
"C 
et 
. 
N 
Lt 
C-1 
ct 
C., 
Cld 
4- 
M 
U 
I- 
0 
I. 
4- 
At 1% strain Figure 5.7 (b), in spite of the presence of cracks at "mm-7mm 
spacing in the matrix, no breakage of the glass fibre could be seen. At 22% strain, 
several substantial breaks in the strands and the failure of some filaments ývere observed. 
Although this strain was thought to be close to the failure strain of the glass fibre, everý- 
strand and filament probably had slightly different strains therefore they did not fall 
simultaneously. At 5% strain, there were many breaks in the strands and broken 
filaments were observed throughout the specimen. The effect of reinforcement by glass 
fibres theoretically could not exist after this point although in practice a small effect 
remained. 
A general view of the behaviour of the composite is that all the glass fibres 
carry the applied load up to point c on Figure 4.9 but the strand containing filaments in 
which the local strain has reached the failure strain of the glass are broken at point c and 
consequently a sudden drop in stress is observed. However the unbroken fibres still 
carry some load. At strains greater than at point c, many fractures of the glass fibres 
occur and their role as a reinforcement will be reduced as they pull out. However 
further load will be still carried by the polypropylene up to the ultimate strain. 
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CHAPTER 6 
6. LIGHT TRANSMISSION TECHNIQUE 
Introduction 
In Chapter 5, the microscopic observations of glass fibre failure in tensile testing. gave 
us relatively crude information about the role of the glass fibre in hybrid composites. It was 
found that every glass strand and filament probably had slightly different strains and therefore 
they failed progressively near to the first yield point. Thus, it is important to understand the 
process of progressive glass failure in hybrid composites quantitatively because this affects the 
effective glass fibre volume at the first yield point. In order to obtain more detailed 
information about the fracture process of filaments and strands at increasing strain in the 
composite, a new technique was developed known as the light transmission method. 
6.2. Literature survey on the light transmission technique 
The light transn-iission technique has been developed on the basis of optical fibres. 
Optical fibres have been extensively employed in the telecommunication industry for the 
transmission of light signals over great distances. The first consideration of the use of optical 
fibres for damage sensors comes from a patent, issued in 1968 to Kinard (6-1) for monitoring of 
micro-meteorite damage on structures in-orbit. It was proposed to embed a grid of optical 
fibres under the surface of the structure. When a micro-meteorite struck the structure, a crater 
would be formed at the location of the impact and any optical fibre in its path would be broken. 
Then light would be emitted from ionized particles inside the crater and this light would be 
detected at the end of the fibre. 
Hale et al . 
(6-2). (6-3 ) reported on the use of optical fibres for crack monitoring of metallic 
structures. The optical fibres were adhesively bonded to the surface of the structure. When a 
crack Nvas formed, any adhered fibre in its path would be broken, resulting in loss of light 
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transmission. In principle, the point of the break could be found by simply looking for a Ilght 
bleeding spot along the fibre, assuming that intensive visible light was used at the input end and 
the adhesive was transparent. The ultimate tensile strain of optical fibres is of the order of 5%, 
which is about 10 times larger than the cracking strain in brittle matrix composites. Thus, Hale 
used a chemical process to weaken the optical fibres. This research was aimed at developing 
damage-monitoring sensors for off-shore oil-drilling-rig underwater structures. Crane et al (64, 
suggested the use of optical fibres in advanced composite structures to form a damage 
assessment system. They verified their concept in glass fibre and carbon fibre reinforced 
plastic composites. However, only severe impact damage could be detected by their 
embedded optical fibres, because no chemical treatment was used. 
Hofer (6-5) reported that the optical fibres integrated into a composite structure could 
serve as a reliable, automatic and remote working long-term monitoring device for structural 
damage. The optical fibres were broken by fractures, cracks or delaminations in a structure 
area and thus the light flow was interrupted. This technique could be applied in GFRP aircraft 
components as the damage detection system. 
LeBlanc and Measures 
(6-6) 
concluded that embedded optical fibre sensors offer 
excellent potential as the basis of a built-in damage-assessment system for composite materials. 
In particular, systems based on the fracture of optical fibres indicated considerable promise for 
the detection and monitoring of impact damage. 
Also a lot of examples using optical fibre damage sensors in concrete can be seen. 
The ability to monitor large areas is important when assessing the condition of large structures 
(6-7) 
such as bridges It becomes more important to monitor structures of bridges because of the 
increase in heavy traffic, the use of de-icing salts, air pollution, precipitation, the increased cost 
of insurance against loss or damage and the rising cost of conventional maintenance and repairs. 
The application of optical fibre sensors to bridges can be seen on the dual carriageway bridge in 
Oxfordshire 
(6-7)in U. K., the Schiessbergstrasse bridge, the Ulenbergstrasse bridge and Berlin- 
Marienfelde pedestrian bridge in Germany 
(6-8) 
and Notsch bridge in Austria 
(6-7) 
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Optical fibres have been successfully used in the following applicationS(6-71) 
traditional post-tensioned bridges 
post-tensioned bridge decks employing glass fibre prestressing tendons 
-, dam movements 
- ground and rock anchors 
- soil movement 
- tunnel movement 
and have numerous further prospects for investigation. 
In fundamental research, optical fibre sensors were also utilized for monitoring 
temperature, pressure, stress and strain within composite structures during curing and 
(6-9), 
, 
(6-10), (6-11) fabrication 
As described above, the optical fibre has been utilized as various kinds of sensors. 
The technique using light transmitted down the normal AR glass fibres was studied by 
IFEbbert (6-12) to obtain quantitative information on fibre distribution in glass fibre reinforced 
cement (GRC) composites. IFEbbert has shown that the glass fibre strands in a thickness of 
only about 7mm section of GRC composites are capable of transmitting useful quantities of light. 
Using such a technique, Hibbert and Grimer (6- ") discussed a correlation between the variation in 
the number of visible strands in GRC composites and their fatigue properties. 
A scanning technique using a photodiode has been developed by Rayment and 
Majumdar (6-14), in order to estimate the glass fibre volume fractions in composites with opaque 
matrices. The information was derived from light transmitted along the reinforcing fibres by 
total internal reflection. The transmission of light through the composite was proportional to 
the glass fibre volume fraction up to a linUting value of about 6%. Rwyment and Majumdar 
have shown that the photodiode scanning technique of measuring the transmittance of GRC can 
successfully replace the photographic method for obtaining quantitative information on fibre 
volume fraction in the composite, in this section, light transmitted down the AR glass fibre 
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was uti zed to monitor the failure of glass fibres which were assessed quantitatively using an 
image analyser. 
63. Preliminary test 
In this section, the light transmission technique was examined with simple equipment in 
order to make sure that it would be possible to pursue a more detailed study of the fracture of 
continuous glass fibres in the hybrid composite. 
The specimen was of 75mm length, 25mm width and about 6mm thickness. When 
clamped in the Instron 1122 test machine there was 40mm between the grips. The illuminated 
surface and the observed surface were required to be flat and parallel to obtain uniform 
transmission of light. One end of the specimen was buried into epoxy resin vertically and 
polished in the same way as mentioned in section 5.4.1, after which the other end was also 
treated in the same manner. The specimen was set horizontally as shown in Figure 6.1. 
Plastic cl 
Llgl 
a 
KL 1500 
Electronic cold light source Microscope 
Figure 6.1 Schematic diagram of the light transmission test. 
In this test, a significant quantity of light is required i mall area. In spite of 11 11= 
I in a very sI 
this requirement, heat must not be allowed to affect the specimen under examination. The 
cold-light source KL1500 (SCHOTT Ltd. ) was used as a light source, since the thermal 
component of the energy from the halogen lamp is filtered out and the visible 
light is passed 
through optical fibres. The maximum illumination at light outlet is approximately IOMIx. 
inate a pa i The li(-,, ht guide is a self supporting. flex-and-stay type and can illum, rt*cular area. 
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The specimen was inserted in a slit on the support in which the opening spaces were sealed Nýith 
plastic clay. Transmitted light was observed on the opposite end of the specimen by a 
stereoscopic microscope (Olympus SZ300300) and photographs were taken. The test was 
carried out in a dark room. Since the intensity of the light transmitted along the Qlass fibre 
through the composite was rather weak, high speed films, ASA 3200, were used. It x-vas found 
that normal film (ASA 125) required an exposure of 5 minutes whereas the ASA . 3200 
film 
produced good results with an exposure of only 5 seconds. 
Before the tensile tests, the continuity of the fibres was confirmed by checking that 
every glass fibre filament in a strand could transmit the light. Figure 6.2 shows a 
representative example with different magnIfications. 
Figures 6.2 (a) and (c) were observed under reflected light, and (b) and (d) were 
transmitted light at the same position. Glass fibre filaments can be seen as black dots in (a) and 
(c), and as white dots in (b) and (d). The intensity of transmitted light was altered by the angle 
of the supplied light. The position of the light source was adjusted to obtain the most intensive 
light, With one light source, the observable field was limited to 2-3mm diameter. 
Although the intensity of transmitted light through individual filaments was not 
uniform, each filament could be clearly discerned. Since the light source, the microscope and 
the specimen were fixed, the observed field was limited, If they could be moved vertically and 
horizontally with precision, it would be possible to observe all the glass fibre on the cross 
section. In Hibbert's investigation, the distance of transmitted light was approximately 7mm 
(6- 
"). However the present technique was able to reliably transmit the light more than ten times 
as far. It was possible to transmit through fibres up to 200mm long, but the light was very 
weak and therefore the tests described in this section were carried out over a 75mm length. 
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The characteristics of strand fracture were determined in similar hybrids to those used 
in section 5.6. Each specimen was tested at three different tensile strains of approximately I 0,, 'o, 
2% and 3%, which were estimated from cross-head movement and calculated neizlectin2 the 
residual strain. However since the extensometer was not used to detect the strain, the slip at 
the grip was included and the actual strain might be smaller than the indicated value. 
Photographs of the transmitted light are shown in Figures 6.3 (a)-(d). Higher magnification is 
in Figures 6.4 (a)-(d). 
As shown in these Figures, the intensity of the transmitted light through filaments 
became weaker with increase in strain. No transmitted light could be seen at about 3% strain. 
This is because when a failure of the glass fibre occurs - somewhere in the composite, the 
transmitted light is dispersed at the failure point and cannot go though the filament. Such an 
alteration of the transmitted light could not be observed uniformly in every strand and the failure 
of specific filaments within a strand was suspected. 
The method is thought to be useful to obtain qualitative information on the glass failure, 
tensile behaviour of the composite and strain distribution in the strand, related to the transmitted 
light. Quantitative information could be obtained from improvements in the technique. 
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6.4. Improved light transmission test method 
As a result of preliminary tests, the principle of the test was confirmed and the 
condition of the transmitted light could be related qualitatively to the failure of crlass fibres in a 
composite, In this section, the experimental technique has been improved to obtain accurate 
information about the transmitted light. 
6.4.1. Manufacture of specimens 
The same mix proportions of matrix as shown on Table 2.1 in Chapter 2, were applied. 
The hybrid cement composites were reinforced with fibrillated polypropylene networks of 4% 
by volume and continuous glass fibres of 0.6% by volume, In order to arrange the glass fibre 
at the right position, the mould as shown in Figure 6.5 was used. 
I 
Figure-6.5 The mould for light transmission tests. 
Two longer sides have slots to put the glass fibres in and the depth of the mould is I- C 
gure 6.6 shows the arran,: )ement of 6mm which forms the thickness of the specimen. Fl Cr 
polypropylene networks and a laN,, er of aglass 
fibres The glass fibre strands were fixed in the 
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composite about 10mm wide at the position of 2-33mm from the bottom After the cement 
slurry was penetrated into fibres, the weights of about 150g were attached to the lavers of glass 
fibres in order to keep them as straight as possible, as shown in Figure 67 After the 
composite was left in the air with the weights for 18-20 hours, it was taken out of the mould 
and cured under water for 28 days. All specimens were cut into strips about 85mm long bý,, 
15mm wide for light transmission tests, 
Glass fibre laver Polypropylene net layer 
I Omm 
15mm 
Figure 6.6 Fibre arrangement for the light transmission test. 
Figure 6.7 The Aveights attached on the layers of glass fibres. 
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6.4.2. Preparation and apparatus for the light transmission test 
The illuminated surface and the observed surface were required to be flat and parallel 
to obtain uniform transmission of light. Epoxy resin was used as casting material and both 
surfaces were polished with a flat plate machine (Figure 6.8). The procedure and conditions 
are presented in Table 6.1. 
own= 
mmmwmý--t- -- 
Figure 6.8 Flat plate machine. 
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Table 6.1 The procedure and condition of grinding and polishing specimen for light 
transmission test. 
Grit level Pressure 
level 
Rotation 
speed 
Time 
Grinding with water 
9500 
41200 
42400 
2 
2 
2 
150rpm 
150rpm 
150rpm 
Till flat 
30-60 sec 
30-60 sec 
Cleaning 
. 
After grinding, remove contamination 
with an ultrasonic cleaner. Then, clean -,,,, -ith 
methanol and inhibisol. 
Polishing with lubricant 
6pm DUR 1 2T 150rpm 1-2 min. 
Cleaning 
I ýtm DUR 1 2 -T 15 Orpm 1 1-2 min. 
Ultrasonic cleaning in methanol 
In the preliminary test, the cold-light source KL 1500 with the normal light neck with 
circular light area of about 5mm in diameter was used. It was difficult to supply the same 
intensity of the light at the same position. Then the light neck was modified to have 
rectangular light area of 15mm. wide by 4mrn thick to fit with the illuminated surface as shown 
in Figure 6.9. Also the specimen holder was specially made as shown in Figure 6.10. The 
specimen was inserted in the slot of the holder and the light neck was Connected to the holder. 
The specimen was held vertically and touching the end of the light neck. Thus the same 
intensity of the light at the same position could be always obtained. The microscope was set 
above the specimen to observe the transmitted light and take photographs as shown in Figure 
6.11. The microscope could be moved vertically and horizontally with precision to observe all 
the glass fibres on the cross section. 
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Figure 6.9 The modified light neck. 
Figure 6. tO The specimen holder for the transmission of the light. 
Figure 6A I Setting view for the light transmission test. 
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6.4.3 ) Tensile tests 
Uniaxial tensile tests have been carried out. The clip-on type extensorneter with 
linear variable differential transformers (LVDT) was modified to be about 80mi-n long as shown 
in Figure 6.12. All the data of load and strain were collected by an ADU systern and recorded 
on two X-Y recorders with different scales. The cross-head speed was constant at 2miWi-nin. 
Figure 6.12 The clip-on type extensometer with linear variable differential transformers. 
Before reaular testing, it was necessary to make sure whether stress-strain curves from D I-D 
such a small specimen were the same as from a specimen 300mm long A typical stress-strain C) 
curve for a small specimen about 80mrn long by 15mm wide with a 40mm gauge length, is In -) Z) 
compared in Figure 6.13) with that for a normal specimen about 300rnm long by 25mm wide 
with I 00nim gauge length. The elastic region, the multiple cracking region and the post- :1 I-D _n --) _n 
cracking region were observed in the stress-strain curve for a small specimen, which were I'D 
similar to those for a normal specimen. Thus, it was confirmed that the same behaviour could 
be obtained fi-om the tensile test for small specimens. 
1131 
25 
20 Specimen size 80x 15mm 
Gauge length 40inm 
15 
lu 
Specimen size. 3 3OOx25rnm 
Gauge length loornm 
5 
0 
46 10 
Strain (%) 
Figure 6.13 Comparison of stress-strain curves between small and normal specimens. 
(Vfp:,,,,: 4 %) 
After the initial condition of the transmitted light was observed, tensile tests were 
carried out. The specimen was unloaded for observation at various strains. The unloading 
point was decided from the stress-strain curve on the X-Y recorder, for instance, the points 
were supposed to be in the multiple cracking region, second elastic region and before the first 
yield point. The transmitted light was observed and compared with the initial condition each 
time. Then the specimen was re-loaded in tension. These procedures were repeated until the 
light disappeared. 
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6.5. Results and discussion 
Stress-strain curves and transnutted light 
A representative cyclic stress-strain curve for a hybrid composite reinforced with 
polypropylene networks and continuous glass fibres is shown in Figure 6.14. The specimen 
was unloaded at three different points, A, B and C in the Figure, and the transmitted 116t Nvas 
observed with the apparatus shown in Figure 6.11. The strain at the point A is 0.9% supposed 
to be . ust after the multiple cracking region, at which many cracks ha-ý"e been generated in the J 
composite. The point B at 1.3% strain is in the second elastic region where the continuous 
glass fibres and the polypropylene networks are stretched linearly. The point C at 1.8% strain 
is supposed to be just before the first yield point. After unloading at the point C, the stress- 
strain curve develops into the region dominated by the ductility of the polypropylene networks, 
where large increase in strain with little increase in stress can be seen. 
16 
14 ---------- c ----------------------------------- 
12 ------- B- ------------------------------------ 
co 10 - ------------------------------------ 
8 ------------------------------------- 
6 --- - -------------------------------------- 
COO 
4- --------------------------------------- 
2 ----------- 
I 
------ ---------- 
0 
24 
Strain 
Figure 6.14 The cyclic stress-strain curve for a hybrid composite reinforced with 
polypropylene networks and continuous glass fibres. 
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At each point, the transmitted light through all the glass fibres in the composite was 
observed and compared with the initial condition in Figures 6.15 to 6.20. As shox-., -n In these 
initial conditions, the intensity of the light is not uniform due to over-exposure and under- 
exposure so that all the photographs of the transmitted light could not be taken in the best 
conditions. The alkali-resistant glass fibre contains several kinds of oxides such as AIO;, 
Zr02, CaO and Na20 apart fromSi02 shown on Table 2.2 in Chapter 2. The transmission of 
the light is reduced by these oxides except for Si02 (6-1 '). Before tensile loading, some glass 
filaments cannot transmit the light possibly because of an original flaw in the filaments or due to 
damage during polishing treatment. Therefore, the transmitted light should be al,, vays 
compared with the initial condition. 
In Figures 6.15(A) to 6.20(A), the intensity of the light at the point A (figure 6,14) 
shows little difference from the imtial condition. Thus, in the multiple cracking region, the 
matrix cracks successively without causing much failure of the glass fibres. At the point B, the 
intensity of the light becomes slightly weak as a whole. A part of the transmitted light 
disappear in some glass filaments as shown in Figure 6.17(B). After the multiple cracking 
region, the glass fibres and the polypropylene networks are stretched so that the stress and the 
strain of the hybrid composite increase and also the failure of glass filaments is initiated. At the 
point C just before the first yield point, a considerable amount of light has disappeared, which 
indicates that a lot of glass filaments are broken somewhere in the composite. 
An enlarged view of the variations of the transmitted light in the glass strand is 
presented in Figure 6.2 1. Figure 6.22 shows another comparison between the initial condition 
and the point C. In this light transnussion technique, it is difficult to observe the failure of the 
glass filaments in a strand continuously with increase in strain. However, from Figures 6.21 
and 6,22, it seems that the failure is initiated at the edge of the strand and extended to the inside. 
Therefore, the characteristics of the glass filaments in contact with the cement matrix Is 
important to the prediction of the tensile behaviour of glass/polypropylene hybrid fibre 
composites. 
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6.5-2. Quantitative analysis of transmitted light 
The variation of the transmitted light with increase in strain has been examined 
qualitatively in- section 6.5.1. In order to predict the first yield point of the hybrid composite 
accurately, the failure of the glass fibres during increasing tensile stress should be understood 
quantitatively. Thus, the area of the transmitted light in photographs shown in Figures 6,15 to 
6.20 was measured as the amount of intact glass filaments by an image analyser, Quantimet 920. 
These black-and-white photographs have good contrast so that the condition of the transmitted 
light can be taken directly from the photographs by a video camera shown in Figure 6 23) to be 
analysed on the screen of the Quantimet. The resolution level of the analyser was constant. 
The effects of over-exposure, under-exposure and focusing in the photographs were ignored 
and the area of the transmitted light was measured 
6.20 are presented in Table 6.2. 
Results of the analysis for Figures 6.15 to 
Figure 6.23 The video camera connected to the image analyser, Quantimet 920. 
12 5 
ýOlr 0.1( 31&SS Stmnds 
Y Table 6.2 Representative results of the quantitative analysis for transmitted ligh t in the 
hybrid composite reinforced with polypropylene networks and continuous glass fibres. 
Initial A B C 
Strain (%) 0 0.90 1.32 1.79 
Area of light (X 103ýtM) 562 587 449 114 
Number of glass filaments 3652 3815 2919 739 
Ratio of intact filaments (%) 100 100 79.9 20.2 
Ratio o broken filaments(%) 0 0 20.1 1 -ý ý8 
A, - just after multiple cracking region 
B: in the second elastic region 
C- just before the first yield point 
The number of glass filaments was obtained from the measured area of light divided by 
the cross sectional area of the glass filament (diameter - 14ýtm). Each specimen contains 36 
glass fibre strands i. e. 3600 filaments in theory. In the initial condition, the over-exposure 
makes the area of the light larger than theoretical area. On the other hand, flaws in the glass 
fibres, the damage during manufacturing and polishing and the under-exposure make the area of 
the light smaller. ' In Table 6.2, the calculated initial number of glass filaments was close to the 
theoretical value, however other calculated numbers were often smaller than theoretical value in 
this study (refer to APPENDIX 2). The ratio of intact filaments was calculated from the 
residual number of glass filaments divided by the initial number. 
In spite of the fact that about 80% of continuous glass fibres were broken somewhere 
in the composite just before the first yield point, the composite still kept its rigidity. If 80% of 
glass fibres are locally broken at one crack face, the effective intact glass fibre volume is 20% of 
its actual volume, i. e. 0.6vol%xO. 2=0.12vol%, and therefore the hybrid composite should have 
failed. Thus, the broken glass filaments are probably distributed over several crack faces. 
The hybrid composite described in Table 6.2 had 23 cracks in the span of 40mm. Provided the 
failure of glass fibres is distributed uniformly over all the cracks, 79.8/23 = 3.5% of glass fibres 
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are broken at each crack face, which means that the ratio of effecti I ive -21ass 
fibre is 96.0, ' of the 
actual fibre volume just before the first yield point. However, such a uniform distribution of 
glass failure is unlikely to occur and therefore the maximum ratio of broken Qlass filaments at 
one crack face is somewhere between 3.5% and 79.8%, which dominates the first vield point in 
the tensile behaviour of hybrid composites. The same analysis was carried out for sincrle fibre 
composites reinforced with continuous glass fibres in order to obtain the maximum ratio of 
broken glass filaments at one crack face related to the ultimate point. 
6.5.3. Comparison between hybrid and single composites 
The representative cyclic stress-strain curve of single composites reinforced with 1% 
continuous glass fibres by volume is shown in Figure 6.24. At the point D and E, the specimen 
was unloaded and the transmitted light was observed under a microscope. The point F is the 
ultimate point in the cyclic tensile test. The strain at the point D is 0.26%, which is just after 
the multiple cracking region. The point E indicates 0,77% strain, which is in the second elastic 
region before the ultimate point. 
16 
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Figure 6.24 The representative cyclic stress-strain curve for a composite reinforced 
with continuous glass fibres alone. (N'fg=1.0%) 
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The representative transmitted light at the point D and E compared , vith the initial 
conditions are shown in Figures 6.25 to 6.28. There are few differences between the initial 
condition and the point D. However at the point E, the intensity of the light has become 
slightly weaker throughout all the Figures. 
Other specimens were unloaded at 1% and 1.5% strain before the ultimate point and 
observed transmitted light was analysed quantitatively as described in section 6.5.2. All the 
ratios of broken glass filaments at the point E were approximately 30% in Table 6.3. The 
ratios of broken glass filaments are plotted against strain of glass/polypropylene hybrid 
composites and continuous glass fibre reinforced composites in Figure 6.29. 
Table 6.3 Results of quantitative analysis for transmitted light in composites reinforced 
with continuous glass fibres alone. 
Initial D E 
Strain 0 0.26 0.77 1.03 1.52 
Number of glass 
filaments 
No. 1 
No. 2 
No. 3 
3866 
3302 
2202 
3065 
- 
- 
2570 
- 
- 
- 
2273 
- 
- 
- 
1461 
Ratio of intact filament 100 79.3 66.5 68.8 66.3 
Ratio of broken filaments 0 20.7 33.5 31.2 3 7 
Number of cracks 8 9 
! 
9 qj 
just after multiple cracking region 
E: in the second elastic region before the ultimate point 
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Figure 6.2-5 Variations of the transmitted light Nvith increase in strain of the glass 
reinforced composite. (Observation field 1) 
(D) at the point D in FwLire 6.24 (E) at the point E in Figure 6.24 1. ) I=) 
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Figure 6.26 Variations of the transmitted light Nvith increase in strain of the glass 
reinforced composite. (Obsen-ation field 2) 
(D) at the point D in Fi, (), ure 6.24 (E) at the point E in Figure 6.24 
1- 
Ii 
, -ii 
Figure 6.27 Variations of the transmitted light with increase in strain of the glass 
reinforced composite. (Observation field 3) 
(D) at the point D in Figur-e 6.24 (E) at the point E in Figure 6.24 
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Figure 6.28 Variations of the transmitted light Nvith increase in strain of the glass 
reinforced composite. (Obsen, ation field 4) 
(D) at the point D in Figure 6.24 (E) at the point E Figure 6.24 ID I gy 
1 )2 
100 
GF/IPP hybrid composite 
Ou ----------------------------------------- ----- 
0--- 
--- ------- 60 ---------------------------------- 
0 GF single copippsite -------------------- ------------------ 
............... 
------------------------------ --- ------------- 20 
0 a- ----I 0 0.5 1 1.5 2 
Strain 
7 
0 
Figure 6.29 The ratios of broken glass filaments with increase in tensile strain for 
glass/polypropylene fibre hybrid composites and glass fibre single reinforced composites. 
in glass fibre single reinforced composites, the glass failure begins at strain lower than 
0.26%. The ratio of broken glass filaments is almost constant at about 30% from 0.7% strain 
to 1.5% strain before the ultimate point. The glass fibre reinforced composites described in 
Table 6.3 had 8 or 9 cracks in the 40mm span. Provided that the failure of the glass fibres is 
distributed uniformly over all cracks, the ratio of broken filaments (%) divided by the number of 
cracks at 1.52% strain, i. e. 33.7/ 9=3.7% of glass fibres are broken at each crack face. Thus 
the maximum ratio of broken glass filaments at one crack is somewhere between 3.7% and 
33.7%, The theoretical ultimate tensile stress of the continuous glass fibre reinforced 
composite can be calculated as (yf,,, Vf, = 150ONTaxO. 01 = 15NDa, where af,,, is the strength of 
the glass fibre and Vf, is the glass fibre volume fraction 
ratios of experiment/theory are shown in Table 6.4. 
Experimental ultimate stresses and 
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Table 6.4 The ultimate tensile stress and ratios of experiment/theory for continuous 
glass fibre reinforced composites. 
No. 
Experimental ultimate stress 
(NTa) 
Experiment / Theory 
8.83 0.59 
2 11.93 0.80 
3 10.67 0.71 
average 10.48 
1 
0.70 
The average of experimental values is 70% of the theoretical value, and this ratio is 
close to the ratio of intact filaments in Table 6.3. Therefore, the effective glass fibre volume is 
assumed to be 70% of the actual fibre volume fraction at the ultimate stress, which implies that 
the maximum ratio of broken glass filaments at one crack face before final fracture is 
approximately 30%. 
Returning to the discussion about the glass/polypropylene hybrid cement composites, 
the failure of about 30% of glass fibres at one crack face out of 23 cracks would dominate the 
stress at the first yield point. In hybrid composites, the stress is transferred uniformly due to 
the combination with polypropylene networks so that the failure of glass fibres is likely to be 
more distributed than that in the glass fibre single reinforced composite. 
As described above, with respect to the glass fibre strand consist of 100 filaments used 
in this study, it was found that the effective fibre volume was about 70% of the actual fibre 
volume by the light transmission test. This effective ratio should be taken into account in any 
mathematical model of tensile behaviour and should enable the prediction of the stress at the 
first yield point precisely. 
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CHAPTER 7 
7. MATHEMATICAL MODEL FOR TENSILE BEHAVIOUR OF 
GLASS/POLYPROPYLENIE FIBRE HYBRID CEMENT COMPOSITES 
Introduction 
In the previous chapters, the results of the experiments such as tensile tests, 
microstructural observations and light transmission tests have been discussed. The 
performance of hybrid fibre reinforced composites depends on the following conditions. 
Properties of the matrix and the fibres 
Condition of the matrix - uncracked or cracked 
Type of fibre 
Volume fraction of fibres 
Geometry and surface characteristics of fibres 
Combination of the fibres 
Owing to the interaction between these parameters, it is difficult to predict the 
mechanical behaviour of hybrid fibre reinforced composites for a given end use. The 
available theoretical models can deal with these parameters only to a limited extent and 
much progress is still needed. Most designs are based on experimental results and 
empirical relations. 
Various models and analytical treatments have been proposed to account for 
the overall shape of the tensile stress-strain curve and to predict the salient points of the 
curve such as modulus of elasticity in the elastic region, first crack stress and strain, the 
strain at the end of the multiple cracking region, the ultimate stress and strain and so on. 
The conventional concepts include the composite materials models, fracture mechanics 
models and multiple cracking models. However, none of them can describe the entire 
response for tensile load. For example, the composite materials models may best be 
used to describe the elastic region and the strength of the composite, while fracture 
13 5 
mechanics models may be used to predict the first crack strain. At present, only a 
combination of these models allows the quantification of most of the characteristics of 
tensile behaviour. 
In this Chapter, continuous glass fibres and polypropylene networks were used 
as reinforcing fibres. However, the principles should apply to other fibre combinations. 
In order to predict the tensile behaviour of the hybrid fibre reinforced composites, 
mathematical models have been developed to satisfy the force and strain balance in the 
(7-1) composite Predictions have also been made of the most effective fibre 
combinations. 
7.2. Notation 
A considerable number of symbols are used in this chapter. Although the 
symbols are explained as they appear in the text or figures, the symbols are listed below 
to assist the reader, 
A, cross-sectional area of composite 
Af cross-sectional area of fibre 
Afg cross-sectional area of the glass fibre 
Afp cross-sectional area of the polypropylene fibre 
Am cross-sectional area of matrix 
CTOD crack tip opening displacement 
CTOD, critical crack tip opening displacement 
C one-half of the crack length 
d diameter of the fibre 
E2 second elastic modulus of the composite in the post cracking region 
E3 third elastic modulus of the hybrid composite 
E, modulus of elasticity of the composite 
Ef modulus of elasticity of the fibre 
Ii 
Ef, elastic modulus of the glass fibre 
Efp elastic modulus of the polypropylene fibre 
Em modulus of elasticity of the matrix 
(FYP)Vfp(cnt) 
critical fibre volume of the polypropylene at FYP 
G, 
- critical strain energy release rate 
Gdb fracture energy required to debond a unit surface area of fibre 
K, critical stress intensity factor 
K'j, modified critical stress intensity factor based on LEFM and the 
effective crack length 
Pf perimeter of the fibre 
Pfg perimeter of the glass fibre strand 
P fp perimeter of the polypropylene fibre 
R2 coefficient of determination 
I' radius of the fibre 
S fibre spacing factor 
Vf volume fraction of the fibre 
Vf(crit) critical fibre volume fraction 
Vfg glass fibre volume fraction 
VfP polypropylene fibre volume fraction 
VM volume fraction of the matrix 
X stress transfer length 
X9 stress transfer length between glass fibre and matrix in the hybrid 
composite 
Xig intrinsic stress transfer lenorth of the glass fibre in the single fibre 
composite 
XiP intrinsic stress transfer length of the polypropylene fibre in the single 
fibre composite 
XP stress transfer length between polypropylene fibre and matrix in the 
hybrid composite 
(X E .. Nm / Ef%, 7f 
1 33 7 
"'IM surface energy of the matrix 
YS surface energy of the material 
6C strain in the composite 
Ef strain in the fibre 
6f, 2u ultimate strain of the glass fibre 
F-fp(FIT) strain in the polypropylene fibre at the first yield point (FYP) 
6fp ultimate strain of the polypropylene fibre 
E; fu ultimate strain of the fibre 
6go strain in glass fibre at a crack face during multiple cracking) 
Eg I strain in glass fibre at the distance of xp from the crack face 
F-g2 strain in glass fibre at the distance of xg12 from the crack face 
Em strain in the matrix 
6MC strain at the end of the multiple cracking region 
Emu ultimate matrix strain or first crack strain of the composite 
EPO strain in polypropylene fibre at a crack face 
Ep strain in polypropylene fibre at the distance of x. from the crack face 
F, u ultimate tensile strain of the composite 
6UI strain in the composite at FYP 
CT, stress in the composite 
CTCC stress at first crack in the composite 
CTf stress in the fibre 
CY Pf additional stress in the fibre due to cracking of the matrix 
Cyfgu ultimate strength of the glass fibre 
C5fp(FYP) stress in the polypropylene fibre at FYP 
CYfPU ultimate strength of the polypropylene fibre 
CTfia ultimate strength of fibre 
CTM stress in the matrix 
CTMU matrix cracking strength 
CyU ultimate tensile strength of the composite 
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CTUI stress in the composite at FYP 
frictional shear stress 
Tfu frictional shear bond strength 
T" frictional shear stress between the glass fibre and the matrix 
TP frictional shear stress between polypropylene fibre and the matrix 
CO deformation of the fracture zone 
7.3. Background of theoretical approach 
7.3.1. Composite materials models 
In the elastic region, the primary variables are the moduli of elasticity of the 
matrix and fibres. The rule of mixtures can be used to obtain the composite response. 
Experimentally, the slope of the stress-strain curve up to the first cracking point can be 
used as the composite stiffness. When continuous parallel fibres are assumed, the 
strains in the matrix F_,, the fibres F-f and the compositeF, are equal so that there is no slip. 
Furthermore, the load being carried by the composite is the sum of the loads being 
carried by the fibre and the matrix. These equations are . 
-CC = 6m =6 
and 
acAc = af Af +u.. A. (7-2) 
where cy,, cTf and cy,,, are stresses in composite, fibre and matrix, respectively. A, Af and 
A,, stand for cross-sectional areas of composite, fibre and matrix, respectively. Then 
the stress and the modulus of the composite, cy, and E, can be expressed as -. 
(7 = CT 1, +a F (7 -3) mm 
E, = ElTrf +E.. V,, (7-4) 
ýf 
where Ef and E,, are the moduli of elasticity of the fibre and the matrix and Vf and \,,, are 
the volume fractions of each phase. Equations (7-3 )) and (7-4) are valid only if the 
fibres are continuous and ali-gried in the loading direction and if there is perfect bond 
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between the matrix and the fibres. As the volume fraction of fibre Vf increases from 0 
to I, the composite modulus will change from Em to Ef in proportion to Vf. 
Once the composite modulus E, _ 
is known, the stress-strain relation up to the 
first cracking can be written as - 
ac = 6cEc = vmEc = cf Ec (7-5) 
Since it is assumed that there is no slip between the matrix and the fibre, the strain values 
of the composite F, matrix F-. and fibre Ff are all the same. 
The tensile behaviour of fibre reinforced cement composites significantly 
depends on the fibre volume fraction. The response of a composite up to the first 
cracking can be described using equation (7-5). Beyond this point, assuming that the 
matrix does not contribute any further to the ultimate strength, the strength of the 
composite cy,, can. be expressed as a function of the strength and volume fraction of the 
fibres, cyf,, and Vf, respectively. 
u=cV 
u 
fiu f (7-6) 
Equation (7-6) is valid for fibre volumes which exceed a critical value, Vf (crit). 
Below this value, the strength of the composite cy. in equation (7-6) is smaller thaq the 
first crack stress cy,, calculated by equation (7-3). Kelly 
(7-2) has applied these equations 
to describe the strength of the composite as a function of fibre volume assuming 
continuous and aligned fibres as shown in Figure 7.1. Equation (7-3) applies for the 
case of Vf<Vf (c: n-t), and equation 
(7-6) for the case of Vf>Vf (, -, it). 
The intersection of the 
two equations is at the critical fibre volume fraction, which can readily be calculated 
(7-3) 
as follows. 
Ff 
crit) -- 
(7 mu _ 
emuEc 
a 
ýfu mý, 
Ef +u mu U. fu 
where cy,,,,, is the matrix cracking strength and 6,,,,, 
is the ultimate matrix strain. 
(7-7) eýý 
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f<Vf(cnt) Vf>N'7f(cnt) 
lu 
U 
Eq. (7-6) 
af 
Eq. (7-3 
CTMU 
0 Vf(crit) 1.0 
Fibre volume fraction Vf 
Figure 7.1 Relations between composite strength cy and fibre volume fraction Vf 
as predicted by equation (7-3) and (7-6), for continuous and aligned fibres. 
Provided E,,, <Ef. (after Kelly 
(7-2) ) 
The fibres will only contribute effectively to strength when Vf > Vf (,, ity In this 
case, after first cracking, the load carried by the matrix is transferred to the fibres 
without failure. Additional loading leads to more matrix cracking, which is still not 
accompanied by failure of the composite. On the other hand, when Vf < Vf the 
catastrophic failure of the composite will occur because the fibre volume is insufficient 
to support the matrix cracking load. 
7.3.2. Fracture mechanics models 
Griffith (7-4) was the first to propose the fracture mechanics model from the point 
of the rapid growth of pre-existing flaws or cracks in materials. It was postulated that 
regardless of the processing techniques, materials contain inherent fla'vvs. The stress 1: ) 
concentration at the tip of these flaws results in much greater stresses than those away 
from the crack tip. The formation of new surfaces caused by fracture requires the 
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consumption of energy. Furthermore, as the crack forms, the material in the vicinity of 
the crack tip undergoes elastic recovery, resulting in a decrease in the strain eneruy of 
the system. A crack will propagate when the decrease in the elastic strain energy is at 
least equal to the energy required to create new surfaces associated ""-Ith the crack. 
Using this concept, the theoretical fracture strength for brittle, linearly elastic materials 
is ., 
(ýE, Y, ) 
Y2 
where c -. one-half of the crack length 
y, -. surface energy of the material 
This is the basic equation of linear elastic fracture mechanics (LEFM) 
(7-8) 
In LEFM, the 
critical strain energy release rate is defined as G, =2y,, then the criterion for catastrophic 
crack growth is expressed as -. 
07(=)y2 
= (EG, )Y'- (7-9) 
That is, fracture will occur when the crack reaches a critical size or when the stress 
reaches a critical value. Alternatively, when a parameter of critical stress intensity 
factor Kc = uV-mc is used -. 
Kc =E (7-10) 
However, since the LEFM parameters (G,, or K, ) are most often insensitive to fibre 
content, it cannot be applied directly to composite systems such as fibre reinforced 
concrete. Thus LEFM was modified to explain particular phenomena such as crack 
arrest, stability of crack growth, crack tip opening displacement, fibre pull-out, the crack 
propagation resistance and so on. 
The mechanics of crack arrest in concrete reinforced with small diameter steel 
wires was studied by Romualdi and Baston. 
(7-5), (7-6) When cracks exist, the matrix tends 
to extend more than the fibres, because the stress is concentrated 
just ahead of the crack 
tip. The fibres play a roll of arresting the crack propagation. The shear 
bond stress 
distribution which causes the crack arrest is shown in Figure 7.2. 
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BOND STRESS 
DISTRIBUTION 
Figure 7.2 Interfacial shear stress distribution predicted by Romualdi and 
Baston (7-5) in the arrest of crack propagation in a matrix between the fibres. 
As a result, the stress intensity factor of the crack is effectively reduced. 
Romualdi and Baston introduced the concept of the fibre spacing factor, S, and the 
matrix cracking stress was found to be inversely proportional to S. However, there are 
several limitations to the application of fibre spacing factor equations for the prediction 
of first crack strains. In their analysis, the fibre-matrix interface is assumed to be 
bonded perfectly during the crack propagation process, which is simply not realistic. 
Swamy et al. (7-7) have thus proposed the concept of effective fibre spacing, which takes C 
into account modifications due to both geometrical and bond considerations. 
An alternative approach to the prediction of the first crack strain was proposed 
by Aveston, Cooper and Kelly 
(7-8) 
. 
They showed the following equation for computing 
the first crack strain of the matrix F,,,, u. 
14 3' 
-Y 12-c fuy rnE f 
T" 
f 
mu I E E-rV 
c rn m 
(7-11) 
where -cf,, is the frictional bond strength, y,, is the surface energy of the matrix and r is the 
radius of the fibre. This equation was obtained by considering the changes in energy 
that occur when a crack is formed across a tensile specimen. It was assumed that a 
crack will form when the sum of the work done by the applied stresses and the elastic 
energy released by the matrix exceed the sum of the work of fracture of the matrix, the 
energy absorbed due to friction at the fibre-matrix interface, and the increase in elastic 
energy in fibres. Equation (7-11) indicates an effective increase in the matrix cracking 
strain for a high fibre volume fraction, a high interfacial frictional bond strength, and a 
small fibre diameter. Basically, this is another way of predicting the effect of crack 
arrest in accordance with the fibre spacing factor concepts proposed by Romualdi et al. 
Aveston and Kelly (7-9ý have further extended the model of Aveston et al . 
(7-8) to 
include analysis of continuous fibres which are elastically bonded to the matrix. The 
elastic solution of this problem is similar to solutions obtained by Cox (7-10) and Piggot (7- 
11). However, the strains predicted by the much simpler model assuming frictional bond 
is not significantly different from that predicted by the modified model assuming elastic 
bond. 
A fictitious crack model (FCM) has been proposed by Hillerborg 
(7-12), (713) fo r 
fracture analysis of fibre reinforced concretes. The schematic description of FCM used 
to represent the crack tip behaviour in FRC is shown in Figure 7.3. The fracture zone 
ahead of the real crack is assumed to act as a fictitious crack which has the ability to 
transfer stresses. Instead of conventional fracture parameters, the tensile stress- 
displacement curve of the composite is introduced to describe the behaviour of the 
fracture zone. 
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cr i 
realcrack 
Figure 7.3 Schematic description of the fictitious crack model used to represent 
the crack tip behaviour in FRC. (after Hillerborg (7-12) ) 
Wecharatana and Shah 
(7-14) 
, have modelled the process zone ahead of the real 
crack in a similar fashion, with the closing pressure function determined experimentally. 
They identified three distinct zones as shown in Figure 7.4. 
(1) Traction free zone. 
(2) Fibre bridging zone, in which stress is transferred by frictional slip of the fibres. 
(3) Matrix process zone, in which there is enough continuity and aggregate interlock to 
transfer some stress in the matrix itself 
An interactive procedure is set up to determine the size of the process zone so 
that the predicted crack tip opening displacement (CTOD) at a particular load matches 
the experimentally obser,,, -ed CTOD at the load level. 
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Figure 7.4 Idealized description of an advancing crack and the stress field 
around it, in FRC. (after Wecharatana and Shah 
(7-14)) 
Jenq and Shah('-"), ('-") have proposed a fracture mechanics based model to 
predict the crack propagation resistance of fibre reinforced cement(FRC). Fracture 
resistance in FRC is separated into four aspects which include 
(1) Subcritical crack growth in the matrix. 
(2) Beginning of fibre bridging effect. 
(3) Post-critical crack grow1h in the matrix such that the stress intensity factor due to the 
applied load and the fibre bridging closing stresses remain constant (steady-state crack 
grovvrth). 
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(4) Final stage where the resistance to crack separation is provided exclusively by the 
fibres. 
The model uses two parameters that describe the matrix fracture properties (K',,,, 
modified critical stress intensity factor based on LEFM and the effective crack length, 
and CTOD, the critical crack tip opening displacement), and a fibre pull-out stress 
versus slip relationship as basic input information. It has been successfully used to 
predict the complete load displacement behaviour of steel fibre reinforced concrete 
beams of several different sizes. The specification for obtaining these two parameters 
are proposed as a standard by the RELEM Committee on Fracture Mechanics Testing (7- 
17) 
Fracture mechanics models have also been applied to the phenomena of fibre 
debonding and pull-out as an alternative to the analysis 
(7-18), (7- 19) based on elastic and 
frictional shear stresses. In this concept, it is assumed that the debonded zone is stress 
free and treated as an interfacial crack. Using LEFM, the conditions leading to the 
propagation of this crack and debonding, can be calculated. Outwater and Murphy 
(7-20) 
calculated the tensile stress in the fibre required for catastrophic debonding as .- 
(7-12) 
where Gdb IS the energy required to debond a unit surface area of fibre and d is the 
diameter of fibre, Morrison et al. 
(7-21) further extended the analysis by taking into 
account the frictional resistance in the debonded zone, which is the more realistic case 
for FRC composites. The schematic description of the model is shown in Figure 7.5. 
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Figure 7.5 Schematic description of the model used to consider the fibre 
debonding and pull-out phenomena by means of fracture mechanics concepts. 
(after Morrison et al(7-21). ) 
7.3 ). 3. Multiple cracking models 
Aveston, Cooper and Kelly 
(7-8) 
were the first to present the detailed analytical 
work for multiple cracking for continuous and aligned fibre reinforced composites, 
assuming frictional shear stress transfer. This model is well known as the ACK model 
and has already been described in section 5.2. The schematic description of strain 
distributions in fibres and matrix for the case that crack spacings are x and 2x, was 
shown in Figure 5.1. Multiple cracking continues at an approximately constant stress, 
which is equal to the first crack stress a, until the composite is eventually fractured into 
segments of length between x and 1-c. Figure 7.6 shows strain distributions in fibres 
(7-22) and matrix for the actual average crack spacing of I. -"364x 
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Figure 7.6 Schematic description of multiple cracking. 
(a) Crack spacing of 1.364x and bridging fibres. 
(b) Strain distributions in fibres and matrix. 
The additional stress results in an increase in fibre strain AFf at the crack 
surface. 
A. cfEfT'f =. cMUEIVIIý (7-13) 
Thus the total strain in fibre at the crack is - 
EMU + AE f= (I + a)Emu 
EF 
where a EI-Ff 
The matrix strain at the centre of the block is L-364/2 F,, n,, =0.682Fm,, and strain in fibre at 
the same position is (1+0. '318a)F,,,,,. The increase in the composite strain during 
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multiple cracking can be calculated from the increase in the average strain in the fibre. 
Hence, the strain at the end of the multiple cracking region, 6,,,, is 
. 6mc =I (I+ a), 6mu +(1+ 0.3 1 8a). 6rnu 2 
= (I + 0.659a)Emu (7-15) 
Beyond the multiple cracking region, cracking cannot take place any more, and 
additional loading results in stretching of the fibres until they break. Assuming 
stretching continuous and aligned fibres, the elastic modulus of cracked composites in 
the post cracking region defined as second elastic modulus E2, is EfVf until the fibre load 
bearing capacity, cr. =cyf. Vf is reached. Where, cyf. is the ultimate strength of the fibre, 
In Figure 7.6(b), the strain in the fibre at the crack surface increases until the ultimate 
strain of the fibre Ff. is reached. Therefore, the ultimate strain of the composite 6,, is 
given by 
EU = Efu + a). 6 .. u+. 6mc (7-16) 
Equation (7-15) is substituted for F.,,,,, 
cu =6 fu - 0.34 IaEmu (7-17) 
The shape of the resulting stress-strain curve is presented in Figure 7.7. 
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Figure 7.7 Schematic description of the stress-strain curve, based on the ACK 
model(7-8). 
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The combined elastic and frictional fibre-matrix stress transfer model xvas later 
proposed by Laws 
(7-23) 
, based on Lawrence's 
(7-24) 
model. Laws calculated the minimum 
crack spacing, x, as a function of fibre volume fraction for a typical glass fibre reinforced 
cement using three different assumptions 
(1) frictional stress transfer only, 
(2) elastic stress transfer only, 
(3) combined elastic and frictional stress transfer. 
According to the results of this calculation, the minimum crack spacing calculated based 
on frictional stress transfer , is about 20% higher than that based on the combined model. 
However, it appears that the simple theory adequately describes the behaviour of FRC 
composites, as long as the elastic shear bond strength is not much greater than the matrix 
tensile strength. 
7.3.4. Modelling of tensile stress-strain curve 
As described in the previous sections, various theoretical models have been 
suggested so far to understand the mechanical behaviour of FRC composites. Fracture 
mechanics models are extensively used to explain particular phenomena which cannot be 
understood by another models. However, in practice, it is difficult to define the real 
crack tip in the composite with complicated cracks. Thus the application of these 
models are limited for modelling of tensile behaviour of FRC composites. It is 
important that the user chooses the best suited model and is aware of the assumptions 
and limitations of these models used 
(7-25) 
The tensile stres*s-strain curve is usually modelled using the ACK model(7-8), 
(7-9) 
The salient points on the curve shown in Figure 7.7, (initial modulus of elasticity, first 
crack stress and strain, strain at the end of the multiple cracking region and the ultimate 
stress and strain) can be determined, based on the concepts described in the previous 
sections, as summarized in Table 7.1(7-26) . 
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Table 7.1 Relations applied to describe the salient points and slopes on the 
stress-strain curve of FRC composites. 
Tensile property Equation Concept 
Initial elastic modulus, E, (7-4) Composite materials model 
(rule of mixtures) 
First crack stress, a,, - 
(7-5) Composite materials model 
(rule of mixtures) 
First crack strain, F,, Iu (7-11) Fracture mechanics model 
(matrix crack strain) or treated as a constant (energy balance) 
Strain at the end of multiple (7-15) Multiple cracking model 
cracking, 6mc (ACK model) 
Ultimate composite strain, Fu (7-17) Multiple cracking model 
(ACK model) 
Ultimate composite stress5 cyu (7-6) omposite materials model 
All these concepts are available only for the composite reinforced with single 
type of fibre. However, when two or more types of fibres are combined to obtain 
effective reinforcement in a composite, these concepts cannot apply directly to describe 
the tensile behaviour of such hybrid fibre reinforced composites. Therefore, the ACK 
model should be modified for hybrid fibre reinforced systems. 
7.4. Application of the ACK model for continuous glass fibre reinforced cement 
composites 
Stress-strain curves of composites reinforced with various content of 
continuous glass fibres have been shown on Figure 4.4 in Chapter 4. These 
experimental curves will be compared with the ACK model in this section. The 
characteristic stress-strain curves obtained from experiments and Pre&lcted 
values are plotted against glass fibre volume fractions in the range of 1.5% to 4.2%, 
which is more than critical fibre volume. 
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Elastic iýodulus of the composite, E, (Fi"re 7.8) 
Most of experimental plots are around the pre4ircted line shown as a broken 
line, which is almost constant in this range of glass fibre volume fraction. It seems that 
the rule of mixtures expressed in equation (7-4) is useful in the elastic region. 
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Figure 7.8 Correlation between elastic modulus of the composite E, and glass 
fibre volume fraction. 
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9) t 
Assuming constant matrix cracking strain, F,,,, u=273 x 10-6, the pre8-icted 
line of 12 , 
first crack stress calculated from equation cy,: ý=FmuE shows the same trend as that of the 
j, % -, 
elastic modulus of the composite. However, experimental plots are lower than the 
pre8lcfed line and first crack stress apparently increases with glass fibre volume fraction. 
This positive trend may be caused by the crack suppression effect of the glass fibre. 
0-211 
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Figure 7.9 Correlation between first crack stress ac, and glass fibre volume 
fraction. 
Second elastic modulus in the post-multiple cracking ,, region, 
E2 (Figure 7.10) 
In the ACK model, assuming stretching of continuous and aligned glass fibres, 
the modulus in the post-multiple cracking region (Figure 7.7) is expressed as EfgVfg, 
where the subscript of fg stands for the glass fibre. The pre8-ic+e_d line is indicated 
with a broken line, assuming 72GPa for the elastic modulus of the glass fibre. The 
experimental line was drawn, based on the simple linear regression model (the coefficient 
of determination R 2=0.97.3). The modulus of the glass fibre calculated from the slope 
was 60GPa which was lower than &ssume8 value. The actual elastic modulus of the 
glass fibre was calculated at 7. '-)'. 5GPa in Chapter 2. As shown in Figure 7.10, the 
experimental line slightly diverged from the rvf_ý, 4-q*4 line with increasing volume 
fraction. Possible reasons for the differences are that fibres which were not straight 
initially in the bundle were pulled into line with increased strain or fibres were not fully 
stressed within the bundle. Therefore, the slight divergence from the pre8octed line 
could be caused by several factors. 
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Figure 7.10 Correlation between second elastic modulus E2 and glass fibre 
volume fraction. 
Ultimate stress, cy, (Figure 7.111 
In theory, the ultimate stress is dominated by the load bearing capacity of the 
glass fibre and expressed as cyfvVf,,, where cyf, is the ultimate strength of the glass fibre. 
The preA', cfeA line is presented with a broken line, assuming 1500NIPa for the ultimate 
stress of the glass fibre. The experimental regression line was regarded as a simple 
proportional line (R 2=0.907) and drawn below the preJic+e8 line as shown in Figure 
7.11. The ultimate stress of the glass fibre was calculated to be 856MPa from the slope, 
which was much lower than the assumed value. In bundled filaments such as the glass 
fibre strand, the bonding is thought to be not uniform and the external filaments are more 
tightly bonded to the matrix. The bonding interface between the glass fibre and the 
matrix was shown on Figure 5.3 in Chapter 5. The fracture of the glass fibre filament 
occurs at the weakest point in the external filaments first, and the applied stress is then 
concentrated at the vicinity of the broken filament giving greater stresses in the 
remaining, filaments. Thus the glass fibre strand consequ* entINI, failed at lower a%, era,, ---;, e 
15 5 
stress than the ptiac6cVeA value for an uniformly stressed strand. Mso some minor 
"0 
damage during manufacture or alkali attack could have affected the ultimate stress. 
Therefore, efficiency factors of bundled filaments and other factors may have to be taken 
LA 
k- 
into account to predict the actual ultimate stress. For example, according to the 11(2ht 
us1% '0 Q transmission testýthe effective ratio of the glass fibre volume was 70% of the actual fibre 
volume as described in Chapter 6. 
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- gure 
7.12) Ultimate strain. 6,, (Fig 
The ultimate strain was calculated from equation (7-17). 
Experimental plots are lower than the pre4icteA values for the same reasons given 
for 
the divergence from the pteJicfe8 ultimate stress as mentioned above. 
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Theoretical stress-strain curves of composites reinforced with continuous glass 
fibres are presented in Figure 7.13, compared with typical experimental curves of four 
different glass fibre contents. Representative tensile values are shown in Table 7.2. 
The following values were used in the calculation for equations (7-4), (7-5), (7-15) and 
(7-17). 
E.. = 31.6GPa 
Efg = 72GPa 
F= 273 x 10-'6 
cyf, u = 150OMPa 
(Manufacturer) 
F, f,,, ý = crf,,. / Ef,, = 2.1 
crf, =98 I MPa (Measured) 
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Figure 7.13 Comparison between theoretical stress-strain curves and typical 
experimental curves for continuous glass fibre reinforced cement composites. 
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Table 7.2 Representative tensile properties compared between theoretical values 
(Theory) and experimental values(Exp. ). 
Vfi! (%) 
1.68 2.54 3.25 4.05 
Theory Exp. 
I 
Theory Exp. Theory Exp. Theory Exp. 
a=E,,, V,,, /Ef, Vf, 25.7 - 16.8 - 13.1 - 10.4 - 
E, (GPa) 32.7 30.7 32.6 33.3 32.9 31.5 
-3 3.2 28.4 
cr., (NWa) 8.81 5.52 8.91 7.00 8.99 7.55 9.07 8.52 
6mc 0.49 - 0.33 - 0.26 - 0.21 - 
E2=EfýgVfg (GPa) 1,21 1.22 1.83 1.52 2.34 2.16 2.92 2.49 
cruýcrf, uVfg (NWa) 25.2 13.9 38.1 19.3 48.8 27.7 60.8 30.9 
E: u 1.86 1.10 1.94 1.04 1.98 1.13 2.00 1.08 
As shown in Figure 7.13, these theoretical and experimental lines indicated 
fairly good agreement except for ultimate stress and strain. This inconsistency is 
thought to be caused by the fracture mechanism of bundled filaments as described in 
Chapter 6. It is confirmed that the current ACK model is sufficient to predict the 
tensile behaviour of the continuous glass fibre reinforced cement composite, only if an 
efficiency factor of bundled filaments is taken into consideration. 
7.5. Mathematical model and parametric study 
A typical stress-strain curve for the hybrid composite reinforced with 
polypropylene networks and continuous glass fibres and those of each single reinforced 
composite are represented in ]Figure 7.14 
e 
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Figure 7.14 Comparison of stress-strain curves between hybrid composite and 
single composite reinforced with polypropylene networks and continuous glass 
(7-1) fibres 
All four composites exhibited an initially steep slope terminating in a short 
nearly horizontal portion at first fracture of the matrix with multiple cracking. This is 
followed by a rising portion controlled by the fibre parameters. The hybrid 
composite was considerably enhanced in strength compared with the polypropylene 
composite especially up to 1-2% strain. The first maximum point of the curve was 
defined as the first yield point (FYP). Even after FYP, an effective enhancement was 
shown in the tensile behaviour up to 7% strain. The schematic tensile stress-strain 
curve for the hybrid composite reinforcedwith polypropylene networks and continuous 
glass fibre is shown in Figure 7.15. 
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Figure 7.15 Schematic stress-strain curve of composite reinforced with 
(7-1) 
polypropylene networks and continuous glass fibres 
The conventional ACK theory assumes that stress transfer between fibres and 
matrix is caused by frictional stress, and that the fibres and matrix can move freely 
relative to each other. This theory provides a reasonable prediction of the behaviour of 
cement composites reinforced with aligned continuous fibres consisting of single 
filament. However, when two or more kinds of fibres are used as reinforcement in the 
composite, the ACK theory cannot satisfactorily describe the tensile behaviour because 
of the synergistic effect which is produced. In order to create the theory, certain 
assumptions are required, and this model will be based on assumptions prepared after the 
ACK theory, as follows. 
(1) The modulus of the composite follows the simple mixture rule until the matrix 
cracks, The fibre and the matrix behave elastically. 
(2) The fibre and the matrix can move relative to each bther. The stress transfer 
161 
between fibres and matrix is purely caused by frictional shear stress. 
(3) Each fibre, i. e. the polypropylene network and the glass fibre, can move 
independently. 
(4) A constant stress is transferred at the interface of fibre and matrix. 
(5) Differential slip within the glass fibre bundle and in the film elements is ignored 
and the polypropylene network and the glass fibre are regarded as single aligned 
continuous fibres. 
7.5.1. Elastic region from o to a (Figure 7.15) 
According to the assumption (1), the elastic modulus of the hybrid composite 
containing polypropylene networks and glass fibres is expressed as follows. 
Ec =E.. V, +E fp Vfp +E fg Vfg (7-18) 
where the subscripts of c, m, fp and fg express the composite, the matrix, the 
polypropylene and the glass fibre, respectively, Assuming E, =31.6GPa, Efp=IOGPa 
and Ef, =72GPa., the theoretical modulus E, was obtained for Vfp=4-10% and Vf, =0.2- 
2%, as shown in Figure 7.16 
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Figure 7.16 Theoretical lines of the modulus Of elasticity, E,. 
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The scale of the ordinate is magnified to show the tendency clearly. However, the 
difference between these lines are relatively small so that the modulus Ec is not 
affected much in this range of the fibre volume fraction. The comparison between a 
theoretical line and experimental plots is indicated in Figure 7.17. 
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Figure 7.17 Comparison between a theoretical line and experimental plots for 
the modulus E,. (Vfp=4%) 
The experimental plots are scattered below the theoretical line, and they seem 
to be constant regardless of the glass fibre volume fraction. 
The stress at the bend over point (BOP), cy,,, can be calculated from the 
measured first cracking strain, 
acc =C 
nl,, 
Ec (7-19) 
--6 are shown in Figure Assurn I ng cmu=2 73 x 10 , theoretical 
lines of the stress at BOP, cy, 
7.18, and compared with experimental plots In Figure 7.19. 
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Since E; mu is treated as a constant, the trend is the same as the modulus E,:. As 
shown in these Figures, the improvements of the tensile properties in the elastic region 
by reinforcing fibres are not very sii4nificant in the range of the fibre volume fraction, 
Vfp=4-10% and Vf, =0.2-2%. 
7.5.2. Multiple cracking region from a to b (Figure 7.15) 
Based on the ACK theory, assuming frictional shear stress transfer (assumption 
(2) ), the strain distribution in the vicinity of a crack face just after the first crack is 
shown in Figure 7.20, 
(7-1) 
Figure 7.20 Strain distribution of fibres and matrix just after first cracking 
When the matrix has cracked, the load carried by the matrix at a crack face is 
fully thrown on to the fibres bridging a crack. The polypropylene and the glass fibre 
will carry different loads over different stress transfer distance, x. and xg, respectively. 
(7-9). 
In the ACK theory, the stress transfer length x is given by 
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17ý Af 
r Pf 
(7-20) 
where a'f is the additional stress in the fibre due to cracking of the matrix. T is the 
frictional shear stress and Af/Pf is the fibre cross-sectional area divided by its perimeter 
The stress in the fibre cy'f at a given strain is proportional to Its elastic modulus. Since 
the modulus of the glass fibre is 7-10 times greater than that of the polypropylene, the 
transfer length xg is likely to be greater than x., even allowing for differences in T and 
Af/Pf between the glass fibre and the polypropylene. 
When the strain distribution in the fibres and the matrix is considered, the bond 
force transferred from both the polypropylene and the glass fibre to the matrix in the 
region between the crack face and the transfer length xp is equal to the additional load on 
the matrix. Thus the force balance is as follows. 
From 0 to xp in Figure 7.20 : 
Vfp 
( Pfp T+P -c ,' 
fg x=E T' .6 (7-21) pA 
fp 
f' 'A 
fg 
)pmm 
PI 
From 0 to xg, the force from the glass fibre is transferred to the matrix and also the 
polypropylene between the transfer length xp and xg. Hence the force balance is ., 
p 
VfP 
x+P 'r 
vx=E 
fr c+EV(. 6 .6 (7-22) fP7'P -, P99mm mu fp fp mu - PI) A fp 
f, Afg 
where T and T. are the frictional shear stress of the polypropylene and the glass fibre, P 
respectively. 
At crack face and at a distance x. from the crack face, the sum of forces carried 
by the fibres and the matrix should be equal to the force F,,, uE, sustained by the 
composite at a distance greater than xg from the crack face. Thus, the force balance at 
each cross-section of the composite can be expressed as 
follows. 
At the crack face : 
6 T' ýf + cgj' Ef, E, (7-23) po 1ý P lk 
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At xp from the crack face : 
c,, (T' Ef, + T' E .. 
)+cF Efg fp m gl f9 (7-22 4) 
Both the polypropylene and the glass fibre can be regarded as continuous over 
the whole length of the composite. Thus, the total deformation in each of them must be 
equal. Hence, 
XP(. 6PO - EMU) - xg(, 690 -'6PI) (7-25) 
According to equation (7-20), the additional stress in the fibres alters linearly 
under a constant interfacial shear stress. Thus, the alteration of the strain in fibres from 
the crack face to a distance xp and xg is linear. The strain of the glass fibre 6,. 1 at a 
distance xp from the crack face is derived from similar triangles between 0 and xg : 
6gl =6 90 - 
(690 - 46mu (7-26) 
In order to solve these six non-linear equations with six unknowns, EPO, 6go, 6PI, 
F, gi, xp and xg, computer software called 
Maple V* (7-28) was used. The following values 
were substituted in the computation - 
E,,, 31.6GPa (shown at section 2.2.2 in Chapter 2) 
E;,,,,, 273x 10-6 (shown at section 2.2.2 in Chapter 2) 
Efp I OGPa (at around 1% strain on Figure 2.4 in Chapter 2) 
, cp 0.905MPa (measured from tensile tests for the single composite) 
AfýPfp = 17.08 xI 0-'mm (measured from the single composite 
(7-29) ) 
Efg 72GPa (shown on Table 2.3 in Chapter 2) 
T,, 2.19NPa (calculated for the composite reinforced with continuous glass 
fibres of 
Cý 
1.6% by volume shown on Table 5.2 in Chapter 5 
The design and implementation of the Maple system is an on-going project of the 
Symbolic Computation Group at the University of Waterloo and of the Institute for 
Scientific Computing at ETH Zilrich. Maple is distributed world-wide by Waterloo 
Maple Software, Waterloo. Ontario, Canada. 
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Afg/Pfs = 14.30x 10-3MM (average value of measured by the image analysis shown on 
Table 5.1 in Chapter 5) 
Vfý = 4,6,8,10% 
Vfg = 0.2-2% ( every 0.2% interval ) 
Theoretical curves of Fpo, 6? 
, 
0, Fp 1,6p 
,,, xp and xg are presented in 
Figures 7.21 
to 7.26, respectively. From each set of equations, three solutions were obtained. 
One of them contains negative roots which should be rejected. The other one is the 
case where F-po=F,, O, FPj=cý 10-6 1 I=F-,,,,, =273x and xp = xg, which means that the 
polypropylene and the glass fibre act as a single fibre. This case is one possibility, 
but it is unlikely to occur, because the reinforcing fibres have quite different properties 
and they are assumed to act independently. Thus, only one set of roots is satisfied 
with the condition shown in Figure 7.20, and the corresponding curves are plotted in 
Figures 7.21 to 7.26 as theoretical values. 
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Figure 7.26 Theoretical curves of stress transfer length x. minimum crack 
spacing for the hybrid composite. 
Under the conditions described above,, the matrix strain is amu at a distance 
greater than xý from the crack face, and hence another crack will be formed in that 
region. As with the ACK model, the matrix cracks successively and divides into 
segments of length between xg and 2xg under a load equivalent to the cracking load. 
The strain distributions in fibres and matrix between cracks at crack spacing 2xg and Xg 
are presented in Figures 7.27 (a) and (b), respectively. 
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The minimum theoretical crack spacing is expressed as xg in Figure 7.26. 
The value of xg was derived from equations (7-21) to (7-26) With constant frictional 
shear bond strengfi-a-cp = 0.905Wa and T. = 2.19NMa. With respect to the frictional 
shear bond strength of the polypropylene network -cp,, Hughes 
(7-30) 
obtained them in the 
range of 0.23 to 0.5MPa and 0.5 to 3.8Wa by Ohno 
(7-29) 
. The bond strength T. - was 
obtained in the range of I to 3MPa from the pull-out test by Laws et al 
(7-31) 
. Oakley 
and Proctor (7-32) calculated it from crack spacing for glass fibre reinforced cement 
sheets made by the spray-suction method. The values they deduced were of the order 
of INVa or less. Considering these values, theoretical crack spacings were calculated 
for the range of 0.2:: ý-cp:! ý3.5 and Theoretical curves for the minimum 
combination,, Tp= 0.2MPa,, -r. =IMPa and for the maximum combinationI Tp= 3.5NIPa, 
Tg= 3MPa are presented with the combination,, Tp=0.905NIPa,, Tg=2,19NIPa., to compare 
with experimental plots in Figure 7.28. 
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Figure 7.28 Comparison between theoretical curves with different frictional 
shear bond strength and experimental plots for the crack spacing. (t = T) 
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experimental data 
All theý are between the minimum and the maximum lines. The intrinsic 
stress transfer length of the polypropylene xp and that of the glass fibre xg are given 
by : 
(7-33) 
xip -E.. 
(I 
- ýfp 
) Emu Afp 
(7-27) 
TP Vfp Pfp 
xig -- 
ýf, ). 6mu Afg 
(7-28) 
T9 Vfg Pfg 
For the hybrid composite, xp-<xp and xg-:! ýxg. It is notable that one of the hybrid 
effects is to reduce the stress transfer distance of both fibres, which results in the smaller 
crack spacing. For instance, assuming for single fibre composites, V'ý, =4.6% and 
Vf, =0.66%, xip and xig are 3.38mm and 8.48mm, respectively. However, in the hybrid 
composite with Vfp=4.6% and Vfg=0.66%, the average experimental crack spacing was 
measured to be 2-. 28mm. There appears to be an anomaly in figure 7.28 because the 
plots for more than 1% by volume of the glass fibre diverge from the theoretical trend. 
The crack spacing increases with increasing glass fibre volume fraction contrary to 
expectation. Assuming Vfg=1.2% and Vfý= 0%, xig is calculated to be 4.64mm which is 
close to experimental plots for hybrid composites containing Vfp=4%. Therefore, for 
the experimental combination of Vfp=4% and Vf, =1.2%, the crack spacing seems to be 
dominated by the glass fibre alone and the hybrid effect does not work efficiently. 
From equation (7-28), the intrinsic stress transfer length of the glass fibre xig decreases 
with increasing the fibre volume fraction Vfg, which is likely to occur for the hybrid 
composite so that xg approaches xp (Figure 7.20). The strain in the-fibres at a crack 
face is also decreased simultaneously as shown in Figures 7.21 and 7.22. For complete 
stress transfer between polypropylene and matrix a high polypropylene strain is requifed 
(about 1.4% strain at Vfý=4%). At glass fibre volumes above 1%, the strain in the 
polypropylene at about 0.5% may not be sufficient to develop the small crack spacings 
experienced with polypropylene single fibre composites. From Figure 7.28, it can be 
seen that at Vf,, < I% the hybrid effect works efficiently whereas at Vfg> I% the glass fibre 
dominates. Although this is an approximation, it may be useful to enable a prediction 
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to be made of appropriate glass and polypropylene fibre volume to achieve the best 
hybrid effect. Otherwise one of the fibres may dominate the tensile properties of the 
hybrid composite. 
The strain of the composite during multiple cracking can be calculated from the 
mean strain in the fibre as shown in Figure 7.27. Although crack spacing is expressed 
as 1,364x in the ACK theory, experimental crack spacings are close to xg as shown in 
Figure 7.28. Hence the actual strain distribution is thought to be close to Figure 
7.27(b). Thus, the strain at the end of the multiple cracking region 6, n, is - 
6 +6 n 
go 9. 
- EMC -2 
6go + 
Ego + EMU 
2 
3.6go + . 6mu 
4 
(7-29) 
Theoretical curves of the strain F,,,,, are shown in Figure 7.29 in which the multiple 
cracking region for the glass/polypropylene fibre hybrid cement composite was always 
less than 1% strain. In practice, the horizontal region was quite small and uneven so 
that the strain at the end of the multiple cracking region could not be determined easily. 
Thus, the comparison between theoretical and experimental values is not presented, 
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Figure 7.29 Theoretical curves of the strain at the end of the multiple cracking 
region, F-mc- 
7.5.3. Second elastic region from b to c (Figure 7.15) 
Beyond the multiple cracking region, no more cracking can take place. 
Further increase of the load on the composite will result In further stretching the fibres 
and slipping through the blocks of matrix. In the ACK theory,, assuming no 
contribution from cracked matrix, the elastic modulus in the post multiple cracking 
region becomes EfVf. In Figure 7.15, both the polypropylene and the glass fibre act as 
reinforcement from point b to c with the modulus E2, In section 4.6 in Chapter 4, the 
second elastic modulus E2 was expressed as following equation using a multiple 
regression analysis. ( see equation (4-8) ) 
IN. 1 E2 
= 6.59Vfp + 8. ) Vfg - 0.219 (7-30) 
The constant ( -0.219 ) was derived from a statistical procedure, so that it is difficult to 
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rationalise. It may express the contribution from the cracked matrix or slipped fibre, 
but it has been ignored because the coefficients of regressor variables of Vtý and Vfg 
are important in this analysis. The coefficients of Vfp and Vf, were thought to be 
related to the degree of contribution of each fibre. Although the second elastic region 
is varied by the combination of the polypropylene and the glass fibre, E2was obtained 
at 1-2% strain, approximately. Using the equation (2-1) obtained in Chapter 2, the 
elastic modulus of the polypropylene at 1-2% strain was approximated at 7.5-9.5GPa. 
The average elastic modulus of the glass fibre obtained from the fibre tensile test was 
73.5GPa ( refer to Table 2.4 ). In the case of 7.5GPa for the elastic modulus of the 
polypropylene, the contribution ratio of the polypropylene and the glass fibre can be 
estimated to be 6.59/7.5 : 83.1/73.5 = 0.88 : 1.13. When the equality of the total 
deformation in each fibre is considered, this ratio should approach 1: 1. Therefore, 
the second elastic modulus E2can be expressed as follows. 
E2 
=E fp Vfp +E fýg 
Vfjg (7-31) 
Theoretical lines of the modulus E2 are presented in Figure 7.30 and compared "rith 
experimental plots in Figure 7.3 1. 
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Figure 7.30 Theoretical lines of the second elastic modulus, E2- 
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Figure 7.31 Comparison between a theoretical line and experimental plots for 
the second elastic modulus, E2- 
In fact, the modulus of the polypropylene Efp is variable with strain, however, 
Efp is treated as a constant in equation (7-3 1). Since the glass fibre strands failed at 
less than 1.5% strain in tensile tests,. Efp was calculated to be 8.3GPa at 1.5% strain. 
As shown in Figure 7.3 1, the theoretical line expresses the experimental trend 
reasonably. 
The stress at FYP, is related to the strength of the glass fibre. Thus, (Y,,, 
is given by - 
Uli] ý 07 fp (FYP) 
Vfp +U 
fg u 
Vfg 
=6 fP (FYP) 
Efp Vfp +a fg,, 
Vfg (7-32) 
where cvtý I-yp) and F-fp (Fyp) are the stress and the strain in the polypropylene at FYP, 
respectively. cyfs,, is the ultimate stress of the glass fibre. 
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A r- 
Aner the multiple cracking region, both fibres are stretched by the additional 
load until the strain in the glass fibre, 6, o in Figure 7.27 (b), reaches the ultimate strain of 
the glass fiber, 6f,, u. Therefore, the composite strain at FYP, 6,,,, can be expressed as 
follows. 
6uI:::::: 6 Jku - Ego +. 6mc (7-33) 
The equation (7-29) is substituted in (7-33), giving : 
6 f9u -4 
(Ego 
- Emu) (7-34) 
Because the average strains in the glass fibre and the polypropylene are equal, it is 
assumed that after point b (Figure 7,15) the increase in strain of each fibre type at the 
crack is the same. Thus, the maximum strain in the polypropylene at FYP, E; fp (iFyp) is 
given by : 
Cfpi F2P 
CPO + 6JkU - Ego (7-35) 
The equation (7-32) is rearranged by substituting equation (7-35), 
cul EfT7' 
( 
fg u fg fp 
Epo +6 f9u -6 go)+u 
v (7-36) 
The ultimate strain of the glass fibre Ef,, was deternuned from the quoted 
ultimate stress of the glass fibre, crfý, =1500M[Pa, divided by the modulus Ef8=72GPa, to 
be 2.08%. The theoretical lines of the stress at FYP, cy. 1, are shown in Figure 7.32 and 
compared with experimental plots in Figure 7.33. 
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Figure 7.32 Theoretical lines of the stress at FYP, cr,,, . 
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Figure 7.33 Comparison between a theoretical line and experimental plots for 
the stress at FYP, cr,,,. (Vfp=4%) 
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As expressed in equation (7-36), the stress at FYP can be more than cyf,,, Vf, 
which is the theoretical ultimate stress for the composite reinforced with the glass fibre 
alone. Obviously, this is one of the important hybrid effects expressed mathernatically. 
Provided that all the glass filaments can be stretched up to their ultimate strain and the 
additional load can be carried by both the polypropylene and the glass fibre, the 
theoretical lines can be attained. However , in fact, failure of individual glass filaments 
begins at a lower strain than the ultimate strain and the polypropylene is highly stretched 
locally so that the composite fails at lower stress than theoretical values. In order to 
bear the local high strain, the volume fraction of the polypropylene is required to be 
more than the critical fibre volume at FYP. The critical fibre volume of the 
polypropylene at FYP, (FYP)Vfp (, -, ), is given by: .n 
(FYP)V", 
Crit) - 
'U, (7-37) 
07fPU 
where cyfpu is the ultimate stress of the polypropylene. Theoretical boundaries between 
cy,,, and cy,, are marked by asterisks in Figure 7.32. Beyond the asterisks there is no first 
yield point but ultimate point. Therefore, theoretical cFul is shown as solid lines up to 
asterisks and broken lines show theoretical ultimate stress cyu in the case of 
Vfp<(FYP)Vfý(c 
., i, ). 
The point c in Figure 7.15 is either first yield point or ultimate point 
depending upon the combination of the two fibre volume fraction. 
The theoretical curves of the strain at FYP from equation (7-34), 6u,, are shown 
in Figure 7.34. The asterisks correspond to those in Figure 7.32. Broken lines 
present theoretical ultimate strain Fu in the case of Vfý<(FYP)Vfp(, rjt). In Figure 7.35, 
the comparison between a theoretical curve and experimental plots for the strain, Ful, are 
presented. Also the effect of the frictional shear bond strength is considered for the 
range of 0.2MPa:! ýTp:! 0.5NVa and INDwý-rg:! ONWa. The experimental plots diverged 
from the theoretical line with increasing the glass fibre volume fraction due to the early 
failure of glass filaments. The strain at FYP is not affected much by the frictional shear 
bond strength. Such a small deviation shown in Figure 7.35, hardly affects the stress at 
FYP- 
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7.5.4. After first yield point c (Figure 7.15) 
The schematic stress-strain curve shown in Figure 7.15 shows the case where 
the complete failure of the composite does not occur at FYR The tensile behaviour 
after FYP depends on the balance between the stress and the fibre volume fraction of the 
polypropylene. To carry further additional load, the volume of the polypropylene must 
satisfy the following inequality, otherwise the composite fails at FYP - 
V, 
- 
ý7ul > (FYP)Vp, crit) 
07f 
PU 
(7-38) 
As shown in equation (7-38), the balance of the volume between the 
polypropylene and the glass fibre is an important factor at FYP for the design of efficient 
hybrid composites. Hereafter, the case satisfied with the inequality (7-38) will be 
discussed. 
Immediately after the first failure of the glass fibre at FYP, a sudden stress 
reduction occurred. At that time, the additional stress was transferred to the 
polypropylene rapidly and the nets were extended at a faster rate than the cross-head 
speed resulting in a reduction of load. Therefore, the stress reduction from point c to d 
in Figure 7.15 is not concerned with the fracture mechanism of the composite and this 
phenomenon cannot be expressed by characteristic values of the composite. 
Even though the glass fibre failed at FYP, the hybrid composite containing 
polypropylene and glass fibre still carried higher stress than that of the composite 
reinforced with polypropylene alone as shown in Figure 7.14. Thus, breakage of the 
glass fibre is thought to be localized and the polypropylene at the crack extends to a high 
strain to maintain the balance of stress and strain. But elsewhere the intact glass fibre 
still restrains the elongation of the composite. Thus at a given stress, the strain of the 
composite is lower than for the polypropylene only composite, due to a smaller crack 
opening at the other crack locations. This is thought to be a possible reason why the 
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polypropylene is taking, surprisingly a greater stress at a lower stral II hybrid 
composites. 
Eventually, at high strains, all the glass fibres are broken into lenc-, Ihs which 
have debonded at every crack. The failure length of the glass fibre according to Figure 
5.7 (d) seems to be much longer than the crack spacing which is determined by both the 
polypropylene and the glass fibres. 
A r- 
Amer all the glass fibres are broken, the tensile behaviour is dominated by the 
polypropylene alone from point e to f in Figure 7.15. The modulus of elasticity from e 
to f is defined as the third elastic modulus E3 in this study, Which is given by 
E3 
= EfpVfp (7-39) 
Since the polypropylene film strip failed at less than 7% strain in tensile tests, 
Efp was calculated to be 4. OGPa at 7% strain from equation (2- 1) presented in Chapter 2. 
The comparison between a theoretical line and experimental plots is shown in Figure 
7.36. The modulus E3 is plotted against the volume fraction of the polypropylene, 
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Figure 7.36 Comparison between a theoretical line and experimental plots for 
the third elastic modulus, E3- (Vfg=0.43%) 
All the experimental plots are lower than the theoretical line. One of the 
possible reason of the divergence from the theoretical line is the intermolecular shear 
(7 29) 
in the polypropylene films - reducing Efp to less than 4. OGPa. Also the high 
Poisson contraction of the polypropylene and the form of the network may affect the 
experimental data to some extent. 
The ultimate stress in the hybrid composite a,, can be expressed as the load 
bearing capacity of the polypropylene, assurning no contribution from the broken glass 
fibres and matrix, 
(7u = (T fp, 
Vfp (7-40) 
AP (7-34), the theoretical fine iII Assuming (Yfpu == 5M aII is presented in Figure 7.37 
comparing vAth experimental plots. The experimental plots are lower than the 
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theoretical line due to the same reason as in the case of the modulus E3- 
local failure of the polypropylene causes the low ultimate stress. 
Also the 
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Figure 7.37 Comparison between a theoretical line and experimental plots for 
the ultimate stress, cr,,,. (Vfg=0.43%) 
With respect to the ultimate strain E; u, the same solution as for the strain at 
FYP F,,,,, can be used. Wben inequality (7-38) is satisfied, the polypropylene can 
carry the force in the composite even after the glass fibre has failed until the strain in 
fibre,. Fpo in Figure 7.27 (b), reaches the ultimate strain of the polypropylene, cfp". 
Therefore,, the ultimate strain of the composite E; u is given by : 
Cu =6 fiml - CPO 
+ Cnic 
when equation (7-29) is substituted in equation (7-41), 
Ell =6 fpu - spo +3 
Ego +I 6"m (7-42) 
44 
Assurning etý., 8.1% (7-34. ý and Fn,,, =273x 10-6, theoretical curves are presented in 
Figure 7-38. The asterisks are theoretical boundaries in consideration of the critical 
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fibre volume of the polypropylene. When the glass fibre volume fraction is more 
than the volume marked by asterisks, the composite fails at the point c in Figure 7.15. 
Thus the theoretical ultimate strain Fu is presented as broken lines in Figure 7.34. 
This indicates an interesting theoretical discontinuity depending on fibre volume 
combinations which could have significant practical consequences. 
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Figure 7.38 Theoretical curves of the ultimate strain, c,. 
Theoretical curves of the ultimate strain are compared with experimental 
plots in Figure 7.39. Also, the effects of the ffictional shear bond strength are 
represented for the range of UWa:! ý-cp<15NWa and IMI? a:! ý, T,: ý3NVa. The deviation 
derived from different frictional shear bond strength is rather small. Although 
equation (7-42) contains a ten-n of the glass fibre F-, O, the contribution of the glass fibre 
to the ultimate strain of the composite is relatively small. The experimental plots for 
a glass fibre volurne fraction of more than 0.8% are much lower than the others and 
cannot be expressed in equation (7-42). These plots correspond with those of strain 
at the point c in Figure 7.15 due to the volurne of the polypropylene at FYP being less 
than the critical fibre volume. 
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Figure 7.39 Comparison between theoretical curves with different frictional 
shear bond strength and experimental plots for c.. 
This trend is presented clearly for toughness of the hybrid composites. The 
experimental total toughness derived from the area under the tensile stress-strain curve 
is plotted against the glass fibre volume fraction in Figure 7.40. The chain dotted line 
represents an experimental trend. The required properties of construction materials 
are various, which depend on a usage. Toughness is one of the important properties 
of composites. As shown in Figure 7.40, when high toughness is required, the glass 
fibre volume fraction must be lower than 0.8% for the polypropylene volume of 4-5%. 
Such high toughness is attributed to the polypropylene and can not be attained with the 
glass fibre alone. It is necessary for an efficient hybrid effect to optimize the 
properties of both fibres, which is shown clearly in Figure 7.40. The hybrid effect 
appears in various properties and the correct fibre volume combination should be 
chosen alloWIng for the type of fibres involved. 
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7.5.5. Comparison between complete theoretical and experimental curves 
The theoretical stress-strain curve for the hybrid composite containing glass 
fibres of 0.8% by volurne and polypropylene networks of 4% by volume is represented 
in Figure 7.41, compared with the typical experimental curve. The behaviour in the 
region after FYP indicated by a shaded area has not been expressed theoretically so far 
because it is partly dependent on the testing machine used and partly dependent on the 
residual contribution from the broken glass fibres. Except for this region, the 
theoretical and experimental curves indicate a reasonable agreement. The lower 
boundary to the shaded region is correctly represented by the curve for the 
polypropylene alone. 
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It was found by the light transmission test that the effective glass fibre volume 
was about 70% of the actual fibre volume in Chapter 6. When this effective ratio was 
considered for the mathematical model, for example, the effective glass fibre volume 
fractions are about 0.6% and 0.4% for the actual fibre volume fractions of 0.8% and 
0.6%, respectively. Figure 7.42 shows experimental curves and theoretical curves for 
which the effective ratio of the glass fibre is taken into account. As shown in this 
Figure, the experimental and theoretical first yield points especially indicate a better 
agreement than that shown in Figure 7.41. However, the reliability of the effective 
ratio of the glass fibre should be confirmed by further studies. 
Figure 7.41 Comparison between theoretical curve and experimental curve. 
(Vfp=4%9 Nlfg=0.8%) Note there is no theoretical prediction for shaded area. 
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7.6. Resume 
A mathematical model which enables prediction of the tensile behaviour for 
composites reinforced with continuous polypropylene networks and glass fibre strands 
was obtained, and the hybrid effects were confin-ned from the tensile properties. This 
model is also considered applicable to hybrid composites reinforced with other fibres. 
It has also been shown that the hybrid effect of fibres is especially important 
for toughness in that the wrong volurne combination of fibre types could drastically 
reduce the toughness. For example, an increase in glass fibre volume from 0.8% to 
I% at constant polypropylene volume of 4% could reduce the total toughness by about 
80% (Figure 7.40). To obtain an efficient hybrid effect, the balance of fibre volumes 
between the polypropylene and the glass fibre must be considered in particular, so that 
the polypropylene has more than the critical fibre volume at the first yield point. 
191 
Otherwise, the properties of the hybrid composite may become close to those of the 
composite reinforced with a single fibre type. This has economic as well as technical 
implications. 
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CHAPTER 8 
8. CARBONTOLYPROPYLENE FIBRE HY13RID CENfENT CONIPOSITES 
1. Introduction 
Carbon fibre is a remarkable fibre material which has excellent mechanical 
properties and also superior thermal, chemical and electromagnetic properties. 
Component materials making use of these properties are widely utilized in various 
industrial fields. 
The characteristics of carbon fibres as reinforcing fibres in cementitious 
composites are as follows 
(1) An enhancement in tensile and flexural strength, toughness and impact strength can 
be expected due to their high strength and modulus. 
(2) Carbon fibre has excellent chemical and biochemical stability. It indicates superior 
alkali resistance compared with the alkali resistant glass fibre. No damage is shown for 
long time exposure so that products with high durabilities can be obtained. 
(3) The melting point and the softening point are extremely high. The melting point of 
the carbon fibre is higher than 3000K and its strength does not reduce rapidly at high 
temperature. Thus, autoclave curing is available and consequently composites with 
dimensional stability and fire resistance can be produced. 
(4) Electrical characteristics such as the elimination of static electricity, electrical 
conductivity and the absorptivity of electric waves, can be added to properties of the 
composite. Carbon fibre indicates a volume resistivity of approXimately 
10-2_10-3 Q, cm , 
hence it has high electrical conductivity. Thus, for carbon fibre reinforced composites, 
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the conductivity can be controlled in the range from the resistivity of the concrete to 
about I Q-cm. The corona discharge by the fibre to the air for charged static electricity 
is active because of the fine fibre diameter of <10ýtm. Therefore, it is a suitable 
material for the elimination of static electricity. 
(5) Carbon fibre is safe for health. It does not show any hazard to health such as that 
caused by asbestos fibres. Thus, it can be used without anxiety. 
As described above, carbon fibre reinforced composites can giN, e various 
excellent characteristics. However, from the economic point of view, carbon fibre is 
too expensive to be used generally in a construction field. Carbon fibre used to be 
mainly PAN type made from polyacrylonitrile. Since the pitch type of carbon fibre 
made from the residue of petroleum and coal was developed in Japan, it has become 
possible to obtain cheap carbon fibres. Although pitch type of carbon fibre is inferior in 
strength, modulus and material stability to PAN, there is a great advantage in its cost. 
The cost of carbon fibre tends to be decreasing continuously, hence the use of carbon 
fibre reinforced composites is expected to be extended,. 
In this chapter, the tensile properties of hybrid composites reinforced with 
continuous PAN carbon fibres and polypropylene networks, are presented. The effect 
of the carbon fibre distribution on tensile properties is discussed and an attempt made to 
quantify the carbon fibre distribution in a composite. Finally, the mathematical model 
developed in Chapter 7, is applied to the carbon/polypropylene fibre reinforced 
composites (CF/PP composites) and the efficiency factor of the fibre distribution in 
relation to the values predicted by the theoretical model is discussed. 
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8.2. Tensile behaviour of carbonJpolypropylene fibre hybrid cement composites 
Stress-strain curves 
Typical stress-strain curves for composites reinforced with two(C2), four(C4), 
and six layers(C6) of continuous carbon fibres shown on Table 3.2 in Chapter 3, are 
presented in Figure 8.1. Also, the theoretical curve based on the ACK model is 
presented to compare with the experimental curves. 
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Figure 8.1 Tensile stress-strain curves for composites reinforced with 2,4 
and 6 layers of continuous carbon fibres and the theoretical curve based on 
the ACK model. (28days curing) 
The composites reinforced with two and four carbon fibre layers, C2 and C4, 
indicate lower stress at a given strain and lower ultimate stress than that 
for the 
composite with six carbon layers, C6. Although the ultimate stress and strain 
for C6 
is about a half of the theoretical values, the stress-strain curve for C6 shows reasonable 
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fit With the theoretical curve to a certain extent. In spite of containing the same 
carbon fibre volume fraction, the three composites have significantly different 
properties. The only variable is carbon fibre distribution which is therefore shown to 
have a very significant effect although it is not included in any theoretical treatment. 
Stress-strain curves of continuous and aligned carbon fibre reinforced cement 
(CFRC) have been presented by Aveston et al (8-3) . These curves 
indicated a good 
agreement between theory and experiment even for the ultimate stress and strain. 
Sarker and Bailey (8-4) also reported properties of CFRC to show effective strengthening 
with continuous carbon fibres, however the ultimate tensile strengths obtained from 
their experiments were on the average about 0.56 of the theoretical values. Ali, 
Majumdar and Rayment (8-5) observed less post-cracking ductility than Aveston's. 
Aveston et al. and Sarker et al. used the same type of carbon fibre containing 10000 
filaments in the form of tapes 75mm to 100mm wide. The fori-ner specimen size was 
300x3OxlOmm and the latter was 250x3M. 4mm. They did not mention the 
location of the carbon fibres. As Bentur and MindeSS(8-. 6) pointed out, such 
differences in properties of CFRC may be attributed to the dispersion of the carbon 
fibre during the preparation of the specimen. 
Typical stress-strain curves for hybind composites reinforced with continuous 
carbon fibres of 0.6vol% and polypropylene networks of 4vol% after 7 days and 
28 
days curing under water are shown in Figures 8.2 and 8.3, respectively. Also, the 
effect of the distribution of carbon fibres can be compared. 
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Figure 8.2 Tensile stress-strain curves for composites reinforced with 
continuous carbon fibres and polypropylene networks in the distributions of a 
bundle, two layers, four layers and six layers after 7 days curing under water. 
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Figure 8.3 Tensile stress-strain curves for CF/PP composites with different 
carbon fibre distributions after 28 days curing under water. 
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As compared with the composite containing polypropylene networks alone, 
marked enhancement in tensile strength can be seen. The effect of the carbon fibre 
distribution for the enhancement increases from a bundle (series PCN) to two layers 
(series PC2), four layers (series PC4) and six layers (series PC6) in order. However, 
PC6 failed at much lower strain than others as shown in these Figures. 
The composites cured for 28 days indicate higher stress than that cured for 7 
days especially for PC4 and PC6 due to the progress of the hydration which presumably 
densifies the carbon/cement interface thus increasing the bond strength. The effect of 
the distribution of the carbon fibre is confirmed in Figure 8.4 as well as in Figures 8.2 
and 8.3 even when the fibre volume of the polypropylene is increased from 4% to 6%. 
Figure 8.5 shows the typical tensile stress-strain curves for the glass/polypropylene 
composite and the carbon/polypropylene composite compared with the polypropylene 
composite. In spite of a small quantity of 0.6vol%, both the glass fibre and the carbon 
fibre indicated a remarkable enhancement in tensile strength. Although CF/PP 
composites failed at lower strain, the carbon fibre exhibited the superior hybrid effect to 
the glass fibre up to about 1% strain. The tensile behaviour of the CF/PP composite 
was altered by the distribution of the carbon fibre. The correlations between the 
characteristic values in the tensile stress-strain curve and the distribution of the carbon 
fibre will be shown in the following section. 
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Figure 8.4 Tensile stress-strain curves for CF/PP composite reinforced with 
6vol% of polypropylene networks and 0.6vol% of carbon fibres after 7 days 
curing. 
25 
20 --------- 
PJ? ýý, OCFý:: 0.60ý/ ------------------------------------- ---- 
CF: 6 layers PP=4%, GF=0.6% 
I 
F6 layers C 
cz 
......... ------- --- --- - 
15 ---- ---- ----------------- -- ---- ---- -------- 
CIO 10 ---- ----------- ------- 
PP=4% 
5 -------------------------- ---------------------- --- ---- 
28 days curing 
268 10 
Strain (%) 
PP=4% 
=40/6, GF=ý0.6% 
=4%, CF=0.6% 
CFL. 6 IaLers 
Figure 8.5' Comparison of tensile stress-strain curve between GF/PP 
composite and CF/PP composite with same 
fibre volume fraction. (Vfp=4% 
Vfg=0.6% Vf, =0.6% 28dayscuring) 
199 
8.2.2. Effects of the carbon fibre distribution 
The effects of the carbon fibre distribution on the stress at the bend over point 
(BOP), a' and the modulus of elasticity, E, " are shown in Figure 8,6 and 8.7, cc I 
respectively. The superscript cp stands for the carbon/polypropylene fibre reinforced 
cement composite. 
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Figure 8.6 Effect of the carbon fibre distribution on the stress at BOP, q,, P. 
The line is drawn between average values. The vertical line indicates a range 
of data for four or five specimens from a minimum to a maximum for each distribution. 
The stress at BOP increased slightly with increasing numbers of carbon fibre layers. 
C 
istri I The modulus El was almost constant regardless of the carbon 
fibre d* 'but' on The 
carbon fibre distribution did not affect these properties much in the elastic region. 
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Figure 8.8 Effect of the carbon fibre distribution on the crack spacing. 
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The crack spacing was varied by the carbon fibre distribution as shown in 
Figure 8.8. According to the ACK theory, the crack spacing, C, can be expressed for 
the single fibre composite as follows 
(8-7) 
1.364 
Vm c mu 
A. f 
T, -C Pf f 
where, V .. ý Vf - volume 
fraction of matrix and fibre, respectively. 
cymu , strength of matrix. 
T- bond strength between fibre and matrix 
Af, Pf - fibre cross-sectional area and perimeter in contact with matrix, 
respectively 
(8-1) 
The carbon fibre distribution as shown on Table 3.2 in Chapter 3 affects the term of 
Af/Pf in equation (8-1). Since the fibre volume is constant, Af is constant. However, 
Pf is variable depending on the fibre distribution. When carbon filaments are localized 
such as in a bundle, the effective fibre perimeter in contact with cement is much lower 
than that for the distribution with six layers. Therefore, the better the fibres are 
dispersed, the smaller the crack spacing that can be obtained because of the larger fibre- 
matrix contact area. Figure 8.8 exhibits the trend as described above. 
The second elastic moduli, E2"P, are plotted against the carbon fibre distribution 
in Figure 8.9. When the carbon fibre bundle was used, the second elastic region did 
not appear clearly enough to quantify. The modulus E20P increased noticeably with an 
increasing number of layers. The modulus E21 is dominated by fibre modulus and fibre 
volume in the theory as presented in equation (7-3 1). As far as this equation is 
concerned, we cannot give an explanation of this phenomenon unless some of the carbon 
fibres are slipping from the ends of specimen for PCN, PC2 and PC4 
dominant factor related to the carbon fibre distribution may be involved. 
Thus, another 
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The effect on stress and strain at FYP, and . 6,, P, , are shovri in 
Figures 8.10 
Ul Ul 
and 8.11, respectively. 
It is also noteworthy that the stress u,, P, and the strain increased in a similar ul ul 
way to the modulus EcP depending on the carbon fibre distribution. As for 
glass/polypropylene fibre composites, F,,,, and a,,, are given by equations (7-34) and 
( "' 6), respectively. Since the strain Fgo is derived from six equations (7-21) to (7-26), 7-3 
F,,,, and a,,, are slightly affected by the effective fibre perimeter, Pf. However, the effect 
of Pf should not be great, because the dominant factor is the fibre volume fraction and 
the properties of the reinforcing fibres such as the fibre strength and modulus. 
Therefore, the carbon fibre distribution appears to be an additional dominant factor 
affecting the stress and strain at FYP. 
Figure 8.12 shows how the ultimate stress of the composite, ullP, depends on 
the carbon fibre distribution. As expressed in equation (7-40), the ultimate stress is 
determined by the polypropylene fibre volume fraction provided that this remains above 
the critical fibre volume at FYP. Thus, the carbon fibre distribution does not affect the 
ultimate stress as shown in Vigure 8.12. 
On the other hands, the ultimate strain, cuP, is supposed to be slightly affected 
by the fibre distribution because the equation (7-42) for Fu includes the terms of F'po and 
F, _, o which 
are related to the effective fibre perimeter Pf. However, as shown in Figures 
8.2,8.3 and 8.4, the composite with six carbon layers failed at lower strain because the 
polypropylene fibre volume was very near the critical fibre volume at FYP. The 
correlation between the ultimate strain and the carbon fibre distribution is not evident 
and hence the Figure is omitted. 
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As described above in this section, the properties of the hybrid composites in 
post-cracking region such as the second elastic modulus and the first yield point were 
affected by the carbon fibre distribution. The number of carbon fibre layers was used 
as the fibre distribution parameter for the sake of convenience. However, no numerical 
index for the fibre distribution has been obtained so far. In order to quantify the carbon 
fibre distribution, a method of statistical analysis to define the carbon fibre distribution 
will be discussed in the next section. 
8.3. Analysis of carbon fibre distribution 
8.3.1. SEM observation 
The microstructure of the carbon/polypropylene fibre hybrid composite was 
observed with a scanning electron microscope (SEM). Typical carbon fibres in the cut 
cross section of the hybrid composite after tensile testing are shown in Figure 8.13, 
The carbon fibre in the form of a bundle is presented with different magnifications in 
Figures 8.13 (a) and (b). Also, the features composed as the form of two layers are in 
(c) and (d). As shown in Figure 8.13 (a), the original carbon fibre bundle size is about 
4-5mm wide by 0.6-0.7mm thick in a lens shaped form. A bundle consists of 12000 
filaments. The bundle size is much larger than that of the glass fibre strand which is 
about 400-500ýtm wide by 50-80ýtm thick and 100 filaments per bundle. As shown in 
Figure 8.13 (b), since the space between filaments is too close to allow cement particles 
penetration, a lot of filaments are not in direct contact with matrix, which implies an 
unsatisfactory reinforcement of composite by the carbon fibre, On the other hand, the 
distribution as the form of two layers has much larger contact area with the matrix as 
shown in Figure 8.13 (c). Although the carbon fibres are not spread out uniformly, the 
number of ineffective filaments is reduced and a greater number of filament contacts 
with the matrix individually, as shown in Figure 8.13 (d). This trend is more evident 
for four and six layers' distribution, which will be shown later in Figures 8.19 and 8.20. 
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Figure 8.13 Carbon fibres in the cut cross section of the hybrid composite. 
(a), (b) carbon fibre bundle 
(c), (d) composed as two layers 
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In the manufacturing process of the carbon fibre, there are heat treatments for 
carbonization and graphitization under 
(8-8) inert gas such as nitrogen After the 
treatment, only the carbon atoms remain on the surface of the fibres. Thus, the fibre 
surface is so inactive chemically that it cannot have any chemical bonding "vith the 
matrix. In order to improve bonding, a range of active functional groups like carboxyl 
group -COOH, hydroxyl group -OH and carbonyl group -CO are produced on the 
surface by oxidative treatments such as heating in oxygen or treatment in nitric acid and 
sodium hypochlorite('-9). The carbon fibre is mainly designed for resin matrices and the 
functional groups can form chemical bonds directly with unsaturated resins. Since the 
groups described above are hydrophilic groups, the carbon fibre is likely to have a good 
affinity with hydraulic cement as well as resin. Therefore, it is important to obtain a 
large contact surface area between fibre and matrix for an effective chemical and 
physical bonding mechanism. 
A polished cross section of the carbon fibre bundle is shown in Figure 8.14 (a). 
Each circle represents a carbon filament and the hexagonal or square packing can be 
seen partly. The spaces between filaments are seen to be filled with sizing materials or 
voids. Such filaments inside a bundle are ineffective for bonding with the matrix 
chemically and physically. An additional factor for bonding is the irregular surface of 
the carbon fibre due to the large amount of surface microroughness as shown in Figure 
8.14 (b). When the carbon filaments are dispersed individually, they can have a large 
number of sites for chemical bonding and a large contact area with the matrix from the 
microstructural point of view. Thus, it is possible to increase the apparent bond 
strength by increasing the specific surface area in contact with cement, 
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Figure 8.14 Carbon fibre structure. 
(a) polished cross section of the carbon bundle 
(b) carbon filaments 
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In order to disperse the carbon fibre uniformly, various research has been 
carried out. Briggs('-'Oý introduced the filament winding process to open the filaments 
by a compressed air spreading device. The dispersion of the carbon fibres into 
individual filaments is controlled by the Mixing technique when the composite is 
manufactured with short fibres. Effective methods of mixing with the Omnii mixer('-") 
or the Eirich mixer 
(8-12) have been reported. When using an ordinary mortar mixer, 
40% of the Portland cement has been replaced with silica fume in order to obtain close 
packing between fibre and matrix(8- 
13 ). Also, Suzuki et al. 
(8-14) have presented an unique 
method of mixing by using small lumps of ice instead of water. They reported effective 
dispersion of carbon fibres in cement even with an ordinary mixer.. A different 
noteworthy approach was taken by Brown and Hufford 
(8-15). Before being used to 
reinforce cement, the tow of carbon fibres was preimpregnated with polyvinyl acetate 
(PVA) resin to obtain a good fibre-matrix bond and to prevent damage suffered from the 
manufacturing process. The affects of polymer impregnation on the mechanical 
(8-16) 
properties of carbon fibre reinforced cement have also examined by Akihama et al . 
According to these quoted references, the range of the carbon fibre volume 
fraction is from 2% to 16%. As described in section 8.2.1, the composite was 
effectively strengthened in our work even by an amount of the carbon fibre as small as 
about 0.6vol%, but only if it is properly dispersed and used in combination with 
polypropylene networks. With such a small quantity of carbon fibre, the dispersion 
plays an important roll in determining the properties of the composite. Therefore we 
should have a criterion for the dispersion of the reinforcing fibre. As far as the above 
references are concerned, the effects of the fibre dispersion were shown by pictures or 
were indicated by some physical properties of the composite, such as tensile and flexural 
strength which depended on the fibre dispersion. However, no distribution criterion 
has been suggested. 
In this study, one possible criterion defining fibre dispersion is contact area 
between fibre and matrix. In Chapter 5, a backscattered electron image was used to 
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determine the perimeter of the glass fibre strand. A typical backscattered electron 
image of the carbon fibre arranged in two layers is shown in Figure S. 15 xvith different 
magnifications. These are polished cross sections of a composite cut perpendicular to 
the fibres. Since the backscattered electrons are strongly dependent on the atomic 
number of the materials, a good image with proper contrast betN', -een the fibres and the 
cement matrix can be obtained. The black rectangular pieces represent polypropylene 
networks in Figure 8.15 (a). The black wavy band lying across the picture represents 
carbon fibres. The dense part of the band has a similar distribution to a fibre bundle, 
where the space between filaments is too small to allow penetration of cement particles. 
In the other part, the cement hydrate can be seen between filaments partly due to the 
fibres being spread out widely. However, as shown in Figure 8.15 (b), the shape of the 
fibre-matrix interface is so complicated that the contact area between carbon fibre and 
matrix cannot be determined. Therefore, a different approach has been tried to obtain 
another criterion for the dispersion of the carbon fibre. 
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Figure S. 15, Backscattered electron image of the carbon fibre laver. 
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8.3.2. Fibre spacing and unit cell 
If the reinforcing fibres are aligned in a regular unidirectional manner, the 
centre to centre spacing of the fibres can be calculated from the number of fibres 
crossing a unit area in an arbitrary cross section of the composite. As proposed by 
Rornualdi and Mandel 
(8-17) 
, the centre to centre spacing of the fibres, 2R, is given by - 
1 
(8-2) 
where n is the number of fibres passing a unit area in the cross section of the composite. 
However, the fibre spacing is not, in fact, determined from the number of fibres alone 
but also the mutual placing of the fibres in the cross section. As shown in Figure 8.16 
(a), all the fibres are aligned parallel to each other in a unidirectional lamina. In an ideal 
situation, the fibres can be considered to be arranged in either a square or hexagonal 
pattern as shown in Figure 8.16 (b), Assuming that each fibre has a circular cross 
section and the same diameter, the volume fraction of fibres Vf can be expressed for the 
(8-9) ideal arrangements 
I 
Hexagonal - Vf 
r 
2 
r 7C 
Square Vf 
4 
where i- is the radius of the fibre. Thus, 2R is given by 
Hexagonal: 2R =2 
Ir 
2 -J Vf f 
Square - 2R =2 
'r 
ý Ff 
(8-3) 
(8-4) 
(8-5) 
(8-6) 
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The maximum value of Vf will be obtained when the fibres are touching, i. e. 
2R=2r. For a hexagonal array Vfi,,,, x=0.907 and for a square arrav 
N'finax=0.785. 
However, as for the cement composite, the size of cement particles must be taken into 
account to enable penetration between the filaments. Assuming that the diameter of 
rt the carbon filament is in the same order of magnitude as the cement pa icle size, 
Waller (8-18) pointed out that the maximum carbon fibre content is approximateIN, 12vol% 
with a limit of reasonable practicability of 8vol%. As Krenchel('-'9) described, it would 
be very difficult to predict the pattern formed by the fibres in the cross section in 
practice and consequently impossible to carry out an exact determination of the fibre 
spacing, the fibre spacing nevertheless affected the mechanical properties of the 
composite to some extent. 
In Figure 8.16 (b), the unit cell occupied by single filament is shown with 
dotted line. The unit cell area, UA, for both patterns is same and given by 
-1 
UA (8-7) 
f 
The ideal fibre area fraction in a unit cell, UAf, corresponds with Vf. 
UA fi 
7f (8-8) 
UA 
Simplified models of fibre distribution for square packing are shown in Figure 
8.17. When the fibres are used in a form of a bundle, the fibres are so concentrated in a 
few unit cells (Figure 8.17 (a) ) that the local actual fibre area fraction in a unit cell, UAfn 
is much larger than the ideal uniformly distributed fibre area fraction UAf, (Figure 8.17 
(e) ). The rest of the unit cells will be blank because the fibre volume fraction is 
averaged over the whole composite. When the fibres are spread out into single, double 
or triple layers, UAfn locally is reduced and becomes closer to UAf, as shown in Figures 
8.17 (b), (c) and (d), respectively. Also the number of blank unit cells is reduced with 
increasing the number of fibre layers. Therefore, the fibre distribution in each cell can 
be quantified by the ratio of UAf, /UAf,. 
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Figure 8.17 Simplified models of fibre composition for square packing. 
(a) fibre bundle (b) single layer (c) double layer (d) triple laver 
(e) uniform dispersion 
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The ratio of UAf, /UAf,, is calculated for each pattern shown in Figure S. 17 (a) 
to (e). The results are presented in Table 8.1 and the ratios of total blank unit cell area 
TUAb to total area EUA are also calculated. 
Table 8.1 Representative values of UAt-. /UAf,, and ratio of the blank cell. 
Fibre distribution UAf-, /TJAfi, EUAb/EUA 
a 0.083 0.917 
b 0.167 3 0.83 
c 0.33 33 . 0.667 
d 0.500 0.500 
e 1.000 0.000 
I 
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-0 
0.4 
04 
0.2 
0 
0 0.2 0.4 0.6 0.8 
UAfi/UAfn 
Figure 8.18 Correlation between UAr, /UAf. and EUAb/EUA. 
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As shown in Figure 8.18, there is a linear relationship between the ratios 
UAf, /'LJAf. and YUAb/EUA. Therefore, although the ratio of UAfifuAf, is available 
only for the units containing fibres, the ratio of the blank unit cell is also taken into 
consideration by the quantification of the fibre distribution with UAfi/UAf,. However, 
such a linear relationship is satisfied only for the assumption which the fibres are 
arranged into layers homogeneously. In fact, the fibre arrangement in lavers is 
irregular and the fibre location is quite unpredictable as shown in Figure 8.15. 
In order to obtain experimentally a proper UAf-, /UAfi, for each fibre distribution 
shown on Table 3.2 in Chapter 3, a considerable amount of measurement of the fibre 
area in a unit cell is required. 
8.3.3. Specimen preparation for image analysis 
An image analyser, Quantimet 920, was used to measure the fibre area fi-action 
in a unit cell for each carbon fibre distribution. This equipment requires proper 
contrasts between carbon fibres and other materials to obtain good images. Therefore, 
white cement was used instead of the ordinary Portland cement as the matrix which has 
the greatest colour contrast to the black carbon fibre. The water/cement ratio was 
same as that shown on Table 2.1 in Chapter 2, however, no aggregate was MIxed, The 
superplastiCiser was added at about 0.5% by weight to the cement. The fibrillated 
polypropylene network used in this study contains carbon particles to prevent damage 
from the ultraviolet rays. Thus, it is black as well as the carbon fibre. Since the cross 
section of the polypropylene is rectangular and much larger than individual carbon 
fibre 
filaments as shown in Figure 8.15, we can distinguish them visually under the 
microscope. However, as far as an image analyser is concerned, they cannot 
be 
distinguished. In order to make the analysis easy, white polypropylene network 
without carbon particles was supplied by Fibronit s. p. a. 
for this particular use. Then 
the hybrid composite was manufactured into the fabrication of PCN, PC 2, PC4 and PC6 
as shown on Table 3.2. Specimens were cured 
for 28 davs under water. 
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Nficropores around fibre layers and the voids between filaments were observed 
in a cut cross section of the composite. The filaments in the vicinity of pores and voids 
are easily damaged by grinding and these flaws themselves disturb the analysis. 
Gypsum slurry, Aluminum oxide powder with epoxy resin and epoxy resin alone were 
examined as casting materials to fill pores and voids simultaneously. These casting 
materials were sucked up into the cross section of the composite to some extent by 
reduced pressure and the voids were finally filled in a mould. Although gypsum was 
white and gave a good contrast to carbon fibres after filling the pores, it could intrude 
into only relatively large pores and the strength of adhesion with matrix was so weak 
that it was scraped off by grinding. Aluminum oxide powder is also white and good for 
contrast. The particle size is approximately I pm and even fine pores can be filled with 
particles. Since aluminum oxide itself could not be hardened, it was mixed with epoxy 
resin. Nevertheless, in fact, it was difficult to fill voids between filaments uniformly 
and aluminum oxide particles were too hard to be polished. Eventually, epoxy resin 
alone was chosen although some contrast had to be sacrificed. Almost all the pores 
and voids were filled with resin and individual filaments were strengthened for grinding 
and polishing even though the shadow of the pores remained. 
The grinding and polishing was carried out with a flat plate machine with 
different fineness grades of paper. The procedure and condition are the same as 
presented on Table 6.1 in Chapter 6. 
Typical polished cross sections of the carbon fibre layers are shown in Figure 
8.19. Figure 8.20 shows them with higher magnifications. Good contrasts were 
obtained between the carbon fibres and the white matrix. Also the white polypropylene 
did not disturb the analysis at all, although these fibres could be identified visually as 
shown in Figure 8.19 (a). The epoxy resin filled nucropores and voids effectively. 
The cement matrix penetrated more effectively between the carbon filaments as the 
dispersion of the filaments improved as shown in Figures 8.19 and 8.20 from (a), (b), (c) 
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to (d). However, it should be remembered here that the carbon fibre dispersion for 
each layer was not uniform and some amount of fibre concentration area was observed 
even in the distribution of six layers. 
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8.3.4. Image analysis and fibre distribution 
Assuming that the radius of the carbon filament is 3.5ýtm and the volume 
fraction of the carbon fibre, Vf, is 0.006, the unit cell area for the composite, UA, is 
given by equation (8-7). 
7r x (3.5)7 UA - 0.006 = 
6414ými' 
The ideal fibre spacing, 2R, for hexagonal and square packing can be calculated from 
equations (8-5) and (8-6), respectively. 
Hexagonal - 2R =2- 
7r 
x 3.5 = 86Ami 2-J x 0.006 
Square: 2R = 2( 
7C 
x 3.5 = 80Ami 4x0.006 
In order to measure the fibre distribution, the polished cross section is set up in 
the microscope and a monochrome multishade image from the microscope is transmitted 
to the monochrome screen of an image analyser Quantimet 920. The visual display 
unit of the analyser has two overlapping image frames. The first is the visual frame 
which shows the whole of the observable field of the display. The second is the live 
frame which shows the particular analysing area within the visual frame. The 
dimension of the live frame can be adjusted and has been set as 80x8Oýtm square for the 
present analysis because the ideal fibre spacing and the unit cell area are taken. In this 
analysis, the ideal fibre area fraction in a live frame UAfi is Vfc=0.006 whether the 
packing pattern is hexagonal or square. The actual fibre area fractions in live frames 
UA, ft, were obtained for each carbon fibre distribution series of PCN, PC2, PC4 and PC6 
on Table 3.2. The measurement of UAf,, was carried out by moving a live frame along 
the approximate centre line of the fibre concentrated layer or area in a certain interval 
with minimum subjectivity. About 200 data points were obtained for each fibre 
distribution. As described in section 8.3. 2, the fibre distribution can be quantified by 
the ratio of UAf, /UAf,,. Frequency distributions for the ratio of UAf, /IjAfi, are shown in 
Figures 8.21 (a) - (d) to compare four types of carbon fibre distribution. 
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Figure 8.21 Frequency distributions of the ratio of UAf, /UAf,,. 
(a) bundle (PCN) (b) 2 layers (PC2) (c) 4 layers (PC4) (d) 6 layers (PC6) 
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Statistical characteristics are presented in Table 8.2. 
Table 8.2 Statistical characteristics of the ratio UAf, /UAf,, for carbon fibre 
distribution. 
Distribution PCN I PC2 -T PC4 PC6 
Number of data 200 230 192 209 
Mean 0,0133 0.0970 0.1051 0.1603 
Maximum 0.0641 1.3793 0.9493 1.2225 
Minimum 0.0063 0.0075 0.0093 0.0086- 
Standard deviation 0.0077 0.1698 0.1274 0.1794 
Variance (X 10-2) 0.0062 2.88 1.62 3.22 
Sum 2.6558 22.3061 20.1736 33.5016 
Mode 0.0093 0.0478 0.0489 0.0222 
Median 0.0105 0.0523 0.0666 0.1025 
Hereafter, we will discuss how to determine a representative value of 
UAf, [UAffi for each carbon fibre distribution. A measure of central tendency in the 
population is most commonly used as a descriptor of the empirical distributions. The 
mean, mode and median are used as a general measure of central tendency. 
The mean is the best-known descriptor which is computed by dividing the sum 
of N data value by N, where N is the total number of values in a data set. 
The mode of a data set is the value that occurs most frequently. A mode can 
be assigned to grouped data that have a highest frequency class. The formula for 
(8-20) 
computing the mode of grouped data is 
Mode= M,, =L+ 
d 
ci (d, + d, ) 
where L -. lower limit of the modal class 
di - modal class frequency minus the frequency in the -previous (smaller class 
(8-9) 
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limits) class 
d2 modal class frequency minus the frequency in the next (larger class limits) 
class 
ci class interval 
The median of a set of data is a number selected to represent the middle 
position when the data are arrayed in order of size. The middle position in an array of 
N data items is the position numbered (N+I)/2. If N is odd, there is a data item at the 
middle position, and this item is taken as the median. If N is even, the average of the 
two middle data item is taken as the median. The median is thus the middle value, or 
the average of the two middle values, in an arrayed data sets. 
The mode is rarely used as a descriptor, because a data set may have no mode 
or it may have two or more modes. As shown in Figure 8.21 (b), (c), there are two 
modal classes. Further, the mode is strongly affected by class interval whereas the 
mean and median are not in the present case. The mean is most commonly used 
measure of central tendency because it is an unbiased and consistent estimator of the 
mean of any population and a data set always has only one mean. However, the mean 
is more affected by extreme values than is the median, since each possible value directly 
affects the mean while only the relative magnitudes affect the median. 
Schematic descriptions of the relationship between mean, mode and median are 
illustrated in Figure 8.22. 
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Figure 8.22 Schematic description of the relationship between mean, mode 
and median for three types of distributions. 
(8-20) 
(a) right-skewed distribution 
(b) left-skewed distribution 
(c) symmetrical unimodal distribution 
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For skewed distributions, the median is considered a more appropriate sample 
descriptor for central tendency than the mean, because the mean is pulled away from the 
central region in the direction of skewness. According to Table 8.2, both the mean and 
median increase with spreading the carbon filaments and both can be representative 
values of UAf, /UAf,, for each carbon fibre distribution. Obviously, every distribution of 
UAf, /UAf,, is right-skewed as shown in Figure 8.2 1. Therefore, the median is 
considered a better measure of central tendency in the present distribution. Before 
using the median as a representative value of each fibre distribution, the difference of the 
median between two distributions, i. e. (a) and (b), (b) and (c), (c) and (d) in Figure 8-21, 
will have to be proved to be significant statistically. 
8.3.5. The Mann-Whitney two-sample test 
The Mann-Whitney two-sample test is a test of the equality or inequality of two 
means or medians. For a general example, random samples of sizes ni and n2 are 
selected independently from populations I and 2. The test is a nonparametric test and 
it does not require that samples be drawn from normal populations. 
The first step in the Mann-Whitney test is to assign size rank numbers with 
ascending or descending to the nl+n2 sample items. The sum of the ranks for a sample, 
R, is called its rank sum i. e. Rj is a sum of the ni sample ranks and 
R-s2 is that of n2 
sample ranks. Here we suppose that a pair of samples of sizes n, and n2 are drawn 
from the same population. Then Ri and R, 2for samples are computed. Next suppose 
we repeat the process with another pair of samples, over and over again, to generate the 
sampling distributions of R,,, and R. 2 for samples of size n, and n2. These sampling 
distributions will have means and standard deviations. By algebra, it can be expressed 
(8-20) 
that pRI, the mean of the distribution of Rri is 
PRsl = 
n, n, 
2 
and the meanPRs2of the distribution P*, -, 2 
is * 
(8-10) 
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11'(11 1 +11, PRs2 -2::: ý (8-11) 
Also, both distributions have the same standard deviation SDp, , 
it is calculated xvith the 
following formula. 
SD Rs 
12 
+ 
(8-17) 
when both n, and n2 are at least 10, the distributions of R, j and R, -, can be approximated 
by normal distributions that have the mean and the standard deviation stated above. 
The test can be performed on the null hypotheses Ho -. ý11: --V2, or Ho - ýLI: 4t2, or 
- Ho -PI ý2! P2, where pi andP2are means of populations I and 2, respectively. Suppose It 
is determined, at significance level 6, whether the mean of population 2 is greater than 
the mean of population 1. The hypotheses are 
Ho*pl H. ý! P2 .* Pi :: ý P2 
where H,, is the alternative hypothesis and it is true if Ho is false 
Reject Ho If sample -- > --s (8-14) 
Independent random samples of sizes n, and n2 from the populations are selected. 
Then the nj+n2 sample item are ranked in order of size, and the rank sum 
R, 
2 IS 
computed. Also, the test statistic is computed as follows. 
San ip le - lZ = 
up, 
SDRs 
Finally, we accept or reject Ho according to the decision rule (8-14). 
(8-15) 
The Mann-Whitney test has been carried out between the distributions of PCN 
(a) and PC2 (b), PC2 (b) and PC4 (c), and PC4 (c) and PC6 (d) in Figure 8.21 in 
accordance with the procedure described above. For each comparison, the rank sum 
R, the mean ýiR, of the distribution of R, the standard deviation, SDP, and the test 
statistic, Sample z were computed as presented in Table 8.3. 
(8-1-3)) 
The decision rule is : 
22 9 
Table 8.3 Results of the Mann-Whitney two-sample test. 
I PCN and PC2 PC2 and PC4 PC4 and PC6 
Sample size -n 200 230 230 192 192 209 
Rank sum - R, 22943 69722 44877 44376 338 24 46777 
Mean of dist. R, . ýtR, 
43100 49565 48645 1 40608 38592 42009 
Standard deviation 
of dist. 1ý, : SDR., 
1285.37 1247.65 1159.43 
Sample z 15.68 3.02 4.11 
For example, the population PCN will be compared with the population PC2. 
The null hypothesis is the mean of population PCN, ýIPCN, is greater than the mean of 
population PC2, ýtPC2- 
Ho - ýIPCN ý! ýLPC2 
Thus the alternafive hypothesis H,, is -. 
Ha ' ýAPCN < ýLPC2 
The test is one-tailed at significance level 5=0.05, hence the decision rule is - 
Reject Ho if sample z>1.64 
because z8 ý zo. o5 ý 1.64 from APPENDIX 4. 
The sample sizes of npCN and npC2 are 200 and 230, respectively. 
After all 
200+230=430 values have been ranked with ascending order from I for the smallest to 
430 for the largest, the rank sums are computed. 
RocN) = 22943 
F, 
-s(PC2)= 69722 
From equation (8-11), the mean ýtRs(PC2) of the distribution of 
Rs(PC2) is : 
PRs(PC' ) 
n, (n,,. + n, + 49565 
2 
The standard deviation SDR, is calculated with equation (8- 12). 
! ýPc, np, (n,, - + n,,., + 
-1285.37 
SDRs 
12 
230 
Then the test statistics computed - 
Sample 
R s(PC2) - PRs(PC, ) 
= 15.68 SDRs 
It is found that the sample z=15.68 is greater than the 1.64 in the decision rule, thus the 
null hypothesis Ho can be rejected. Rejecting Ho means that the mean of population 
PC2 is greater than the mean of population PCN, ýtPCN ": ý ýtPC2- 
In the same way, following inequalities can be obtained, 
PPC2 'ýý PPC4 
ýtPC4 "ý ýtPC6 
Therefore, we can conclude -. 
JUPC. N' 
< 
JUPC2 
< 
dUPC4 'ýý JUPC6 (8-16) 
In the Mann-Whitney test, the median is an alternative to the mean. Inequalities (8-16) 
can be rewritten as -. 
Md(PC, 
\') "ý' 
Md(PC2) < "d(PC4) "ýý Md(PC6) (8-17) 
where Mý is the median of each population in Figure 8.21 (a), (b), (c) and (d). 
Subscripts PCN, PC2, PC4 and PC6 stand for carbon fibre distribution. Consequently, 
inequalities (8-17) have been proved with the Mann-Whitney test and the medians 
Md(PCN), Md(PC2), Md(PC4) andM<I(PC6) can be used as representative values of UAf, /UAffi for 
each distribution of the carbon fibre. 
In order to have better prediction of the tensile behaviour for the hybrid 
composite, further discussion about the possible usage of the ratio of UAf. /UAfn will be 
described in section 8.4.2. 
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8.4. Model application and efficiency factor of fibre distributions 
Theoretical tensile properties 
The concept of the mathematical model for tensile properties is exactly same as 
that described in Chapter 7. The properties of the carbon fibre have been substituted 
instead of the glass fibre's. 
Modulus of elasticity and bend over point (BQPjj 
The modulus of elasticity E, P and the stress at BOP o7P are given by cc 
Ecp = E,, V,, +EV+EV (8-18) cý fp fp fc fc 
(, cP = c,,,, EcP (8-19) cc 
The superscript cp stands for the carbon/polypropylene fibre reinforced cement 
composite, and the subscript R stands for the carbon fibre. Theoretical lines of the 
modulus of elasticity, E, P and the stress at BOP, ul are shown in Figure 8.23 and 8.24, cc 
respectively. The following values were used. 
E,,, 31.6GPa (shown in section 2.2.2) 
Efý =I OGPa (at around I% strain on Figure 2.4 in Chapter 2) 
Ek = 228GPa (shown on Table 2.7 in Chapter 2) 
6,, u 273x 
10-6 (shown in section 2.2.2) 
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Figure 8.24 Theoretical lines of the stress at BOP u,, P for CFIPP 
composites. 
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Strain in fibre and stress transfer length in the multiple cracking region 
In the multiple cracking region, the following six equations are established. 
(Pfp rp+ Pf cp =ET-, c" Afp A fc 
m m6pi (8-20) 
7T 
7fp 
x lp +p 7- 
1, -f, 
cp =EF .6+E T' (8-21) 
Pfp Ppmm mu f, (. 6mu PI - ECP Afp fc cA fc cTP 
CP T, ý Efp +. cP T- Efc EP (8-22) p () fp CO fc mu c 
', 
+ r' E, ) + c'Pf' E 'P (Vfp Ef =c E' (8 - 2-1 epl mc1 fc fc mu c 
x CP 
,p 
(E'P -E (8-24) PO xc 0- -ec 
CP P CP (ec pl 
c CP -= E CP CP 
x CP 
` ,p cl Co 
(cco Emu )-x CP 
c 
Since the diameter of the carbon filament is 7ýtm (Table 2.7), the perimeter and 
the cross section area of the carbon, Pf, and A& are 77cýirn and 12.25 7Cý, M2 , respectively. 
Thus, 
AfdPfo = 1.75x I O-'mm (Pf, /Af, = 571.4mm-1) 
This value is obtained on the assumption that the carbon filaments are dispersed 
individually without touching each other, otherwise it is impossible to determine actual 
values as described in section 8.35.1. The frictional shear bond strength of the carbon 
fibre Tc was calculated from the crack spacing for the composite reinforced with the 
carbon fibre alone in the from of six layers using equation (8-26). 
T' 
,, cu 
Afc 
rC = 1.364 ' Ffc C Pfc 
(8-26) 
Substituting V .. =0.9937, Vf,, =0.0063, a,,,,, =7.67NWa 
(obtained from experiments), 
C=2.4mm (obtained from experiments) and Af,: /Pf, = 1.75 xI 0-'mm, 
T, = 1.203NWa 
On the basis of equation (8-26), Sarker and Bailey 
(84) 
and Akihama et al"-2) 
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calculated the bond strength r,, to be about 0.8NMa,, with fibres of 9.2ýim diameter. 
The bond strength 'r,, of about 2AWa might be calculated from the data obtained by, 
Aveston et al. (8-3) assuming the same fibre diameter (9.2pm) as the former authors'. 
The obtained bond strength, -c, = 1.203MPa, seems to be reasonable, because it is in 
the range of 0.8 to 2ANTa. Theoretical curves of c'P , . 6' , 6' , c'P , xP and xP are PO CO PI C1 p 
shown in Figures 8.25 to 8.30, respectively. 
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Figure 8.25 Theoretical curves of ý, O'P for the CF/PP composites. 
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Figure 8.26 Theoretical curves of eol for the CF/PP composites. 
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Figure 8.28 Theoretical curves of e,, 'P for the CF/PP composites. 
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Figure 8.29 Theoretical curves of xpP for the CF/PP composites. 
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Figure 8.30 Theoretical curves of xccP for the CF/PP composites. 
Crack spacing and strain at the end of the multiple cracking region 
According to the developed mathematical model described in section 7.5.2, 
the composite is completely separated into segments of length between xP and 2x' CC 
When Vfý=0.04 and Vf, =0.006ý. xcl =1.43mm in Figure 8.30. The experimental crack 
spacing is altered by the carbon fibre distribution as shown in Figure 8.8, and the 
average crack spacings for the composite with four carbon fibre layers and six layers 
are 1.46mm and 1.37mm, respectively from the experiments. Therefore, the actual 
crack spacing is close to x cP and the theoretical minimum crack spacing of the CF/PP C 
hybrid composite is represented as xP in Figure 8.30. C 
The strain at the end of the multiple cracking region enP,, is given by: 
3c'p + er? Ill ECP - Co (8-27) mc 4 
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Theoretical curves of , are shown in Figure 8.3 1. nx 
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Figure 8.31 Theoretical curves of c,,,, P for the CF/PP composites. 
Second elastic modulus and first yield point (FYP) 
The second elastic modulus E2P is given by: 
E' = EfpVfp + EfVf, 2 (8-28) 
Assming Efp=8.3GPa (at 1.5% strain on Figure 2.4 in Chapter 2) and Ef, =228GPa, 
theoretical lines of E, P are presented in Figure 8.32. Also, experimental values for 
PC2, PC4 and PC6 are plotted in the case of Vfp=4% and Vf, =0.6%. The plots for 
PC6 are closer to the theoretical line than others, however, all the plots are below the 
line. 
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Figure 8.32 Theoretical lines of E2P for the CF/PP composites. 
The stress and strain at FYP, u,, P, and 6,, P, . are obtained 
by folloWing equations. Ul Ul 
ul 
(C'P + Ef, - ccp )+ Ufi", vfc (8-29) , cp =E fp Vf, PO Co 
ECP =6-I CP (8-30) ul fcu 4 
(Cco 
- 6nni) 
are the ultimate stress and strain of the carbon fibre. Assuming where c7f, and cf, 
cyfcuý3790NVa (shown on Table 2.7 in Chapter 2) and Ffu=cYfc,, /Ef, =l. 66%, theoretical 
curves of uP and e'P are shown in Figures 8.33 and 8.34, respectively. Theoretical U1 III 
boundanes considering the critical fibre volume of the polypropylene at FYP are 
marked by asterisks. Beyond asterisks, theoretical ultimate stress acP and ultimate U 
strain q, P in the case of Vfp<(FYP)Vfp(ln. t, ) is presented as broken lines in the same 
manner as in Figure 7.32. The experimental values are also lower than theoretical 
values, which implies that the inherent properties of cTf, " and Ffu for the carbon 
fibre 
are not attained even in PC6 consisting of six carbon fibre layers. For a continuous 
unidirectional reinforcement,, the orientation and fibre length efficiency factor can be 
ignored. Thus, the fibre distribution factor may have to be considered as described in 
section 8.3. 
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Third elastic modulus, ultimate stress and strain LV (FYP)Vf 
_. PL 
The third elastic modulus E, `P and the ultimate stress ucP for the CF/PP U 
composite are exactly same as the GF/PP composi I ite's, because these are functions of 
the polypropylene fibre volume fraction Vfp alone 
E'=E V 3 fp fp 
CP = (7 u fp u 
Vfp 
The ultimate strain EP is given by: U 
(Refer to Figures 7.36 and 7.37) 
ECP =c_ cp +3 ccp +16 u fpu PO 4 Co 4 nni 
(8-31) 
(8-32) 
(8-33) 
Assuming Ffý =8.1%, theoretical curves of el are shown in Figure 8.35. The UU 
asterisks are theoretical boundaries from consideration of the critical fibre volume of 
the polypropylene at FYP. When the carbon fibre volume fraction is more than the 
asterisk point in each curve, the ultimate strain EP reduces to the strain presented as 11 
broken lines in Figure 8.34. 
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Figure 8.35 Theoretical curves of q,, P for the CF/PP composites. 
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8.4.2. Efficiency factor of the fibre distribution 
The mechanical properties of fibre reinforced composites are mainly affected bv 
the fibre length, the orientation of the fibres and the fibre-matrix shear bond strenuth 
when the fibre volume fraction is constant. These three factors are not independent, 
because the effects of both fibre length and orientation are partly dependent on the bond 
strength. Such efficiency factors can be determined either empirically or on the basis of 
analytical calculations. For the ACK model, the effect of fibre length on the multiple 
(8-22) 8-23 ) 
cracking process was treated by Laws and Proctor( They indicated that the 
effective rigidity of the fibre reinforcement was reduced by. the greater extension of the 
fibres due to the additional load imposed on them during matrix cracking. In terms of 
the effects of fibre orientations, Aveston and Kelly (8-24) extended the ACK model for 
random two and three dimensional fibre distribution. They showed mathematically that 
the minimum crack spacing was predicted to be greater than that obtained with aligned 
fibres by about 50% for fibres in two dimensions and 100% for a three dimensional fibre 
distribution. 
In the present study, since the fibres are continuous and aligned to the direction 
of applied load, the effects of fibre length and orientation have been neglected. 
However, as described in section 8.2.2, the tensile properties were found to be affected 
by the carbon fibre distribution. It is well known in practice that the fibre distribution 
and dispersion is one of the important factors which affects the mechanical properties of 
the composite. Many investigators have made efforts to obtain better 
fibre 
(8-10)-(8-16) actor for distribution . 
Nevertheless, none of them has proposed an efficiency f 
fibre distribution. In section 8.3, the ratio of the ideal fibre area fraction to the actual 
fibre area fraction in a unit cell, UAf-, /UAf., was suggested as a possible criterion 
for 
specifying the fibre distribution. 
As shown in Figures 8.9,10 and 11, the second elastic modulus 
E, cP, and stress 
24) 
and strain at FYP, o7l and e'p, are clearly affected by the carbon fibre d1str1bution. ul ul 
The same parameters are therefore d1scussed consIderIng the dstrlbutlon factor 
UAf, /UAf,, in Figures 8.336,8.37 and 8.38. 
In many theoretical and empirical applications, efficlency factors are 
represented as values between 0 to 1, expressIng the ratio between the actual value and 
the ideal value. Thus the ratios of the experimental values to the theoretical values 
were plotted against the fibre distribution factor UAf, /UAfn. The representative value 
of UAfi/UAfi, for each carbon fibre distribution was taken as the median for each 
distribution as discussed in section 8.3.4. The plots for the second elastic modulus EP I 
the stress and strain at FYP, and are shown in Vigures 836,8-3 U1 37 and 8.8, U1 
respectively. The subscripts (exp. ) and (th. ) stand for experimental values and 
theoretical values. Assuming that the theoretical value can be attained when the fibre 
distribution is ideal, i. e. UAf, /UAf,, = 1, logarithmic regression curves were applied for 
these plots. The results of the regression analysis are presented in Table 8.4. 
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Figure 8.36 Relationship between fibre distribution parameter UAr. /UAf., 
and E'CP2(,. plEcp2(th)- 
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Table 8.4 Logarithmic regression analysis for ECP2(, P1L'CP2(t1I)I CTCpuI(expVCTCpuI(, h) and 
6 Cp ul(expVF-cpul(th) VSUAi, /UAf,,. 
77cP =a+ bln(UA, / UA fid fi, 
'n fd 
R2 
E-', P E P 1.02 0.146 0.83 
2 (exp. ) 2 (th. ) 
CP a/ acp uI (ex ) ul (th ) 
0.97 0.1 '7 0.944 
p. , 
.6 CP 6cp ul (ex ) ul (th ) 
1.04 0.159 0.967 
. p. I I I II 
R' - correlation coefficient 
The efficiency of fibre reinforcement is often assessed on the basis of the 
enhancement in strength. Thus the efficiency factor of the fibre distribution for the 
CF/PP composite, 77, ý, (o), is defined as the ratio of the actual stress to the theoretical fI 
stress, i. e. 77' 
(o7, ) 
= a' 
/ 
07' From the assumption of or' = or CP fo r fd UI (exp. ) uI (th. ) *UI (e-xp )UI (th. ) 
UAf, /UAf, =I, the constant of the regression equation must be 1, i. e. a=1 in Table 8.4. 
Therefore, the efficiency factor of the fibre distribution for the stress at FYP, i7P (a,,, ) fd 
is : 
17'P (a,, 1) =I+0.1-3 
71 n(UAfi / UAf,, ) fd (8-34) 
In the same way, the efficiency factor of the fibre distribution for the strain at 
FYP, . 6u'l 
and the second elastic modulus E'P can be expressed as follows. 
17'P (s )=1+0.15 91 n(UAfi / UAJ 
(8 - -15) fd u 
z71cýd(E, ) = l+ 0.1461n(UAfi / UA, -, ) 
(8-36) 
yd -- 
These efficiency factors are available only for each particular properties, a'u"11 I 
C CP and E. P The properties in the elastic region, or' and 
E, 'P 
, and the ultimate stress ul ZI: ) cc 
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of the CF/PP composite are not affected by the carbon fibre distribution (refer to Flogrures 
8.6ý 8.7ý 8.12). The first yield point and the second elastic modulus are characteristic 
properties for the hybrid composite containing two types of fibre and hence the 
efficiency factor qfd may be dependent upon the combination of the fibre volume 
fractions. However, as shown in Figures 8.36,37 and 38, it is notable that the 
properties of the composite improve very rapidly in the region of O<UAf, /UAfn<0.2 
when more than 70% of the theoretical value is attained. In the region of 
UAf, /UAffi>0.2, the rate of improvement becomes much slower than that in the initial 
region. It is impossible, in fact, to obtain perfect dispersion of fibres in a composite 
and composites which show 70-80% of the theoretical properties should be good 
enough as industrial products. Therefore, the perfect distribution, i. e. UAf, /UAf, =I, is 
not necessary for a good composite. In order to obtain good quality of a composite, it 
is important to avoid poor fibre distribution, i. e. UAf, /UAffi<O. 1. 
It should be remembered that the usage of the efficiency factor of the fibre 
distribution obtained here is limited and yet no theoretical foundation has been given. 
Nevertheless, the concept of the ratio between ideal and actual fibre area fraction in a 
unit cell, UAf, /UAf,, can give us a quantitative criterion for the fibre distribution in the 
composite. Also, the possible fibre distribution factors have been suggested related to 
the ratio of UAf, /UAfn. These concepts may provide guidelines for the design and 
development of hybrid fibre reinforced cement composites in which the strength can be 
optimized by modifying the reinforcing fibre distribution. 
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8.5. Resume 
Continuous PAN type carbon fibres have been used as high stiffness fibres 
together with continuous polypropylene networks in cement based composites. They 
indicated a remarkable enhancement in tensile strength and their hybrid effect ý\-as 
superior to the glass fibres up to about 1% strain. However, it was found that the 
effect of the carbon fibre was considerably dependent upon the fibre distribution. 
Based on the fibre spacing theory proposed by Romualdi and Nlandel('-"', the carbon 
fibre distribution was quantified by using an image analyser. Although an efficiency 
factor for the fibre distribution is not yet applicable for general use, it is an essential 
parameter for the future precise prediction of composite performance. 
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CHAPTER 9 
9. EFFECTS OF AUTOCLAVING ON CEMENT COMPOSITES CONTAINING 
POLYPROPYLENE, GLASS AND CARBON FIBRES'9-" 
Introduction 
All concrete materials are required to be cured in a suitable environment to 
obtain an adequate strength. Since an increase in the curing temperature of concrete I- 
increases its rate of development of strength, the gain of strength can be accelerated by 
curing in steam. High-pressure steam curing known as autoclaving was used in this 
chapter. Autoclaved concretes have several characteristics, as follows 
(1) The ultimate strength can be obtained with short curing times (say within a day). 
(2) Efflorescence is less than general concretes because there is little water soluble 
Ca(OH)2 in autoclaved concretes. 
(3) Shrinkage and creep are much smaller than general concretes cured in a humid 
condition. 
In autoclaved concretes, different hydration products from those cured wet at 
atmospheric pressure are obtained. Thus, mix proportions have to be determined 
corresponding to the required properties of concretes. Autoclaving is curing with 1. 
saturated steam at high temperature and pressure over I OOOC and generally carried out 
at a range of temperature from 160'C to 180'C. Therefore, the heat-resistant 
properties of the reinforcing fibre have to be considered. 
Since the softening point of polypropylene is in the region of 150'C 
approximately and the fibres melt at 160-170' C(9-2), polypropylene generally cannot be 
used for autoclaved composites. Also, rapid oxidation could occur at these 
high 
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temperatures if oxygen is present adjacent to the fibre. Tests in an oven in dry air at 
170'C for 8h showed complete embrittlement of the composi "ith extens* Ite xi 1\, e chain 
scission of the polymer. However, there is evidence"-"' that the situation could be 
different in autoclaved products. The work has practical significance because if 
polypropylene can maintain its properties as a reinforcement in a composite even after 
autoclaving at around its melting temperature, the applicable field for polypropylene 
composites can be extended. 
In this study, composites containing polypropylene alone, polypropylene and 
continuous glass fibres, and polypropylene and continuous carbon fibres \vere subjected 
to curing in an autoclave. The tensile stress-strain curves for the various composites 
were then compared. 
9.2. Experimental programme 
9.2.1. Materials 
The mix proportions of the matrix are the same as those used in previous 
chapters (Table 2.1 in Chapter 2) in order to compare with the hybrid composite cured 
under water. This matrix was not therefore optIm'sed to be the best matrix for 
autoclaving because in this work the main interest was in the integrity of the fibres at 
high temperatures. 
Hydrated silicates in the form of tobermorite are one of the most stable crystals 
in hydrated products which are produced with autoclaving. The more tobermorlte that 
is produced, the smaller the shrinkage is and the stronger the matrix that can be obtained. 
The product is varied by the molar ratio of CaO/SiO2 and the best range of CaO/SiO-, is 
0.7-1 . 
0. (9-4). (9-5) In this work, curing in water was a standard and the ratio of CaO/SiO2 
was not considered for autoclaving. Assuming that the content of CaO and 
S102 in a 
1. 
typical ordinary Portland cement are 63% and 20%(9"6) respect ively, the ratio of 
CaO/SIO., is approximately 1.7-3. 
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With this ratio, since the lime is in surplus, a-2CaO. S'02. H. -, O is produced alone 
or coprecipitated with Ca(OH)2 or tobermorite 
(9-4). (9-5) 
and the strenc--qh of the matrix is 
expected to be reduced. 
The polypropylene networks and glass fibres were the same type as described in 
Chapter 2. The carbon fibres were continuous and consisted of strands with 2000 
filaments of I Oýtm diameter. The type was FIN420-1091 supplied by Petoca Ltd, Japan, 
which was pitch-based carbon fibre. The properties are shown in Table 9.1. 
Table 9.1 General properties of Petoca carbon fibre from trade literature. 
Properties HM20-1091 
Tensile strength (NIPa) 2330 
Tensile modulus (GPa) 210 
Elongation 
Weight per roving (g/m) 0.31 
Density (g/cm") 1.95 
Filament diameter (ýtm) 10 
Filament count 2000 
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9.2.2. Manufacture of composites and autoclaving 
The composites were made by a hand lay up technique with reinforcement 
patterns as shown in Table 9.2. 
Table 9.2 Description of the composite reinforcement. 
Fibre volume fraction Fabrication 
PP (%) GF CF 
3.7 
4.6 
------------- 
------------- 
------------- 
------------- 
------------- 
3.5 1.2 
------------- 
------------- 
3.7 0.6 
- 4w--4w-4w- 
------------- 
------------- 
PP- Polypropylene networks 
GF Glass fibres (64 loose strands/bundle) 
CF: Carbon fibres 40 
The 64 strands in each glass fibre bundle were not bonded together but were 
spread out during specimen manufacture to ensure good contact with the cement paste. 
Each fibre layer was penetrated by cement paste before the next layer was added. 
Thickness of the sheets was generally between 5 and 6mm, small thickness variations 
accounting for minor changes in fibre volume. The sheets were cut into strips 300mm 
long and 25mm wide after curing in water for 7 days and were sent to the Research 
Centre of the Asahi Glass Company Ltd They were autoclaved with the temperature- 
time schedule as shown in Figure. 9.1. 
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0 
Reduced 
Room pressure 
Temp. 
Time 
LO-4hrs 
2hrs 9hrs low 
Figure 9.1 Temperature-time schedule for autoclaving. 
Before increasing the temperature, the pressure in the vessel was reduced to 
-600 mmHg and maintained for 4 h. This treatment made the quantity of oxygen 
in the 
vessel low, which was thought to prevent the decomposition of the polypropylene by 
oxidation. Then the temperature was increased up to 170'C in 2h and maintained for 
9 h. After that, it was left to cool down below 100T. The control specimens were 
cured in water at 20'C for about 60 days. 
The tensile tests were carried out and the crack spacings were determined after 
specimen failure. 
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9.3. Results and discussion 
The general effects at 20'C of the addition of continuous glass or carbon 
fibres to the polypropylene reinforcement are shown in Figure 9.2. 
2 
2 
11 
C/D 1 
5 
------------------------ 
PP+GF=3_. 
_5%+1.2-% --------------- ------------------ 
--------------- -------------------------------------------------------------------------- --- PP+CF=3.7%+0.6% 
. ......... PP=3.7% 
----------------------------------- ------------------------------ ---- --------- ---------a 
0 
36 
Strain 
Figure 9.2 Tensile stress-strain curves for composites cured in water. 
(PP: polypropylene, GF glass fibre, CF- carbon fibre. ) 
The stiffer reinforcements give considerably improved post-cracking 
perforinance up to 1.5% strain but have reduced strain to failure. With respect to the 
polypropylene and glass fibre composite, after the glass fibres have failed, the 
polypropylene cannot sustain the applied load due to insufficient polypropylene fibre 
volume. On the other hand a small reduction after peak stress can be seen in the 
stress-strain curve for the hybrid polypropylene/carbon fibre composite. This 
reduction is thought to be caused by the local fracture of the carbon fibres. After the 
peak stress, the applied load has been transferred to the polypropylene networks to 
some extent, resulting in the ultimate strain of the polypropylene and carbon 
fibre 
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composite (about 2%) being larger than the ultimate elongation of the carbon fibre 
(I. I I%). However, the polypropylene fibre volume was not sufficient to allow the 
composite to be strained up to the 5% strain of the polypropylene-only composite. 
Direct comparisons of stress-strain curves for water cured and autoclaved 
samples from the same sheets are shown in Figures 9.3,9.4 and 9.5. 
Figure 9.3 Comparison between a standard and an autoclaved specimen 
reinforced with 4.6vol% of polypropylene networks. 
Figure 9.3 shows the curves for samples containing 4.6% by volume of 
polypropylene networks only. It was rather surprising that in spite of the high curing 
temperature of 170'C, which is just over the melting point of unstretched 
polypropylene, the composite containing polypropylene still maintained its ductility on 
cooling even after 9h at the elevated temperature. An explanation for this effect may 
be that although the polypropylene is at or above its melting temperature, the 
molecules in the stretched chains do not actually separate at this point but are 
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effectively held in their positions in the thin channels in the cement paste. On 
cooling therefore a high proportion of the unheated properties can be maintained or re- 
established. However, since the ultimate stress and strain of the autoclaved 
composite were lower than those of the standard composite, the polypropylene was 
thought to be damaged by the high temperature to a certain extent. The stress for the 
autoclaved composite at the bend over point was reduced and the stress was generally 
lower than that of the standard composite at a given straln. The strength of the 
autoclaved matrix was also lower than that of the standard composite probably 
because the ratio of CaO/SI02was too high to produce tobermorite. 
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PP+GF=3.5%+1.2% 
20 ----------------------------------------------------------------- -- ------ - 
Standard 
15 -------- ---------------- -------------------------------------- -------------- -- ------ 
cn 
En Autoclave 
10 ----------- --------------- -------------- - ----- 
5 ------ --------------------------------------------------- - -- ---- --- -- -- 
011111-ILI 
0 0.5 1 1.5 2 2.5 3 3.5 
Strain (%) 
Figure 9.4 Comparison between a standard and an autoclaved specimen 
reinforced with 3.5vol% of polypropylene and 1.2vol% of glass fibres. 
Figure 9.4 shows a comparison between a standard and an autoclaved 
specimen reinforced with polypropylene networks and glass fibres. 
In the stress- 
strain curve for the autoclaved composite, only the horizontal region could 
be seen 
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after the bend over point and no enhancement of properties by the glass fibre was 
obtained. The horizontal part of the curve showed that the combined strengths of 
glass and polypropylene fibres had reduced to about the critical fibre volume. As it 
was known from Figure 9.3 that the polypropylene had only reduced in strength by 
about 17%. considerable weakening of the glass fibres must have occurred. Although 
the softening point of the glass is 500-7000C,, (9-7) the glass fibres were thought to be 
seriously damaged by the heat and alkali attack during autoclaving. The residual 
strain capacity was provided by the polypropylene networks. 
20 
PP+CF=3.7%+0.6% 
15 ---------------------------------------------------------------------------------- Standard 
10 --------- ------- ----- - ------------------------------------ ------ -- ----- Autoclave 
5 ---- ---- - -- - -- --- ------- 
0 
0 0.5 1 1.5 2 2.5 
Strain (%) 
Figure 9.5 Comparison between a standard and an autoclaved specimen 
reinforced with 3.7vol% of polypropylene and 0.6vol% of carbon fibres. 
Figure 9.5 shows the companson between autoclaved and water cured 
samples containing a hybrid of carbon and polypropylene fibres. The autoclaved 
composite failed at less than 1% strain, because the volume 
fraction of the 
polypropylene was not enough to carry the additional load after carbon 
fibre failure 
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and the polypropylene was slightly weakened by the heat during autocla-ving. Apart 
from the damage to the polypropylene and the matrix, the carbon fibre seems to still 
play a role as a reinforcement. Therefore, the carbon fibre can be used in the 
autoclaved composite. 
Representative tensile properties are shown in Table 9.3. The strain to first 
crack in the composite (Eýmj was only slightly altered by autoclaving whilst the 
strength of the matrix (crmu) was reduced by about 20% although still being of 
satisfactory strength at about 7.5NTa. 
The reduction of the elastic modulus of the composite E, was caused by both 
- the reduced modulus of the matrix and the fibres due to autoclaving. As a result of 
autoclaving, the strength and stiffness of the polypropylene networks were reduced, 
which resulted in the reduction of the ultimate stress and strain. 
The strength of the polypropylene (cyfp,, ) in Table 9.3 was reduced from about 
345 to 309 Wa showing that some changes in the molecular structure had occurred. 
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Table 9.3 
composites. 
Representative tensile - properties of standard and autoclaved 
Sample no. Vfp 
ý/O) 
Vfg 
C/o) 
Vfr 
- 
C/o) 
EM 
(101 
(:: ýM 
(NlPa) 
CY. 
(NIPa) 
E, 
_ 
(GPa) 
Eý 
(0/0) 
(% 
(NIPa) 
(:; ý, 
(NIPa) 
C 
(M-M) 
ST PP-1 4.69 - 260 9.37 9.10 35.0 7.88 16.97 362 42 
PP-2 4.65 - 280 9.28 9.03 32.2 7.19 17.2) 1 370 3' .6 PP-3 3.73 - - 270 7.58 7.44 27.5 5.00 11.42 4.2 
PG-1 3.74 1.23 - 320 9.12 9.12 28.5 1.44 19.54 1ý8 
PC-1 3.43 - 0.55 280 8.54 8.66 30.9 1.87 13.01 33.9 
ACPP-11 4.38 - - 310 8.51 8.33 26.9 5.69 14.46 33 0 8.3 
PP-12 4.59 - - 310 7.47 7.33 23.7 6.72 14.06 306 115 
PP-13 3.68 - - 300 7.43 7.31 24.4 4.65 10.67 290 1"5 
PG-1 1 3.34 1.14 - 300 7.10 7.17 23.9 2.44 9.17 - 2 5.0 
PG-12 3.45 1.15 - 350 7.72 7.82 22.3 2.95 9.67 - 16.7 
PC-1 1 3.83 - 0.64 270 7.06 7.25 26.8 0.97 11.99 - 12.5 
PC-12 3.70 0.61 310 7.37 7.61 24.6 0.84 11.62 - 16.7 
ST standard curing 
AC autoclaving 
V, ý, volume fraction of polypropylene networks 
Vfg volume fraction of glass fibres 
VfC volume fraction of carbon fibres 
6MU first crack strain of the composite 
CTMU strength of the matrix 
cy, ý first crack stress of the composite 
Ec elastic modulus of the composite before the bend over point 
6U ultimate strain of the composite 
CTU ultimate stress of the composite 
cyfp,, ultimate stress of polypropylene (= cyu / Vfý) 
C crack spacing 
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The crack spacing in the case of the glass fibre composites PG- 1. PG- II and 
PG-12 had increased from about 2 to 20mm which results from the complete loss of 
properties of the glass fibres resulting in the combined fibre volume not exceeding the 
critical fibre volume. However, for the rest of the composites the crack spacin2 had 
increased by a factor of about 33 times. According to equation (5-5) in Chapter 5, the 
crack spacing for fibre cements at more than the critical fibre volume is proportional to 
cTjnu/'cfu where -cfu is the fibre-matrix bond strength. The strength of the matrix (a .. u) is 
known from Table 9.3 and therefore it can be deduced that there is a considerable 
weakening in bond between the polypropylene and the matrix due to autoclaving. 
As described above, the polypropylene networks, which were the main 
reinforcement in the composite, were partly damaged by autoclaving of 9h at 170'C. 
However, they maintained sufficient properties to enable the use of polypropylene to be 
considered as a reinforcement in autoclaved products up to 170'C even though this 
temperature is above the melting point of the polymer. The glass fibres used in this 
study were destroyed in autoclaving conditions but carbon fibres showed considerable 
promise as a reinforcement under high temperature steam curing conditions. 
A conclusion from this pilot study is that it may be possible to extend the 
application of the polypropylene to autoclaved products as a reinforcement. Further 
work is still needed. 
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CHAPTER 10 
10. CONCLUSIONS 
10.1. Glass fibre and polypropylene film 
(1) The elastic modulus of the glass fibre was almost same as the value in the trade 
literature. However, the ultimate stress and strain of the glass fibre was lower than 
the stated values. The reason is thought to be that the strength of the strand is 
dominated by the weakest filament in the strand. The elastic modulus of the 
polypropylene film varied with strain. The higher the strain was, the lov, ý-er was the 
modulus obtained in accordance with the literature. The ultimate strength of the 
polypropylene film was as shown in the trade literature. 
(2) The reinforcing unit of the glass fibres was not a single filament but rather a bundle 
of filaments. Only the external filaments had a direct contact with the matrix and 
therefore the measurement of the perimeter of the glass strand was required for the 
assessment of bond strength. This perimeter was measured by image analysis and 
appropriate values were obtained. Likewise, the perimeter of the polypropylene 
film was not a simple matter to measure, and values from previous researches were 
used to calculate bond strength. 
10.2. Glass fibre failure and light transmission technique(lo-1) 
(1) The sequence of glass fibre failure was confirmed in the glass/polypropylene fibre 
hybrid cement composite by the acid dissolution technique. The glass strand 
containing filaments in which the local strain had reached the failure strain of the 
alass were broken at around the first yield point and consequently a sudden drop in 
stress was observed. However the intact glass fibres still carried some load. After 
the first yield point, many fractures of the glass fibres occurred and their role as a 
reinforcement was reduced so that further load was carried by the polypropylene 
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alone up to the ultimate strain. 
In order to obtain more detailed information on the glass fibre failure, a new light 
transmission technique was developed. This technique vý'as not only useful as a 
qualitative analysis but also as a quantitative analysis for the glass fibre failure. It 
was found by the light transmission test that the effective Qlass fibre volume xvas 
about 70% of the actual fibre volume. This effective ratio . vas taken into account 
for the mathematical model of tensile behaviour and enabled a more precise 
prediction to be made. However, the results were only obtained from the limited 
combination of glass fibres (0.6vol%) and polypropylene networks (4%, ol%) so that 
further work is still needed. 
10.3. Glass/polypropylene fibre hybrid cement composites 
The characteristic points in the tensile properties of the hybrid composite which are 
caused by the hybrid effects are as follows. 
In the elastic region, the properties are donunated by the rule of mixtures. The 
improvement in the modulus of elasticity and the stress at the bend over point is not 
very significant. The main effect of the fibres is in the post-cracking region. 
(2) The stress carrying distance is shortened when compared with single 
fibre 
composites and consequently the crack spacing becomes smaller. 
Also, the 
multiple cracking region is shortened. 
After the multiple cracking region, a marked increase in stress is shown up 
to the 
first yield point (FYP) when the partial failure of the glass 
fibre occurs. The 
toughness of the composite up to FYP is greatly enhanced in comparison with 
that 
einforced composites. of single fibre ri 
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(4) Provided that the fibre volume fraction of the polypropylene is more than the critical 
fibre volume at FYP, the additional load after glass fibre failure can be carried by the 
polypropylene up to high strains of about 7-8%. 
(5) The ultimate stress after FYP is dominated by the fibre volume fraction of the 
polypropylene alone. The ultimate strain is affected by both fibres. A slanificant 
hybrid effect occurs in relation to total toughness which is altered drastically 
depending on the combination of polypropylene and glass fibres. 
In order to develop the mathematical model which enabled the prediction of tensile 
behaviour for hybrid fibre reinforced cement composites, the ACK model was 
modified (10-2) . Each 
fibre type was thought to have a different stress transfer length and 
the strain distribution in fibre and matrix was considered. From six equations with six 
unknowns, the most suitable root was derived and the reliability of the equations was 
assessed by the use of experimental values for the materials properties. 
Theoretical curves for the tensile properties of glass/polypropylene fibre 
reinforced cement composites have been obtained from the parametric study. For most 
combinations of polypropylene and glass fibres, the theoretical curves indicated a 
reasonable agreement with the experimental plots. It was proved that in order to 
obtain a correct hybrid effect, suitable fibre volume combinations must be taken into 
consideration from the point of the critical fibre volume of the polypropylene at 
FYP. 
The final comparisons between the theoretical curves and the experimental 
curves indicated reasonable agreement. This concept is also considered applicable 
to 
hybrid composites reinforced with other fibres. 
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10.4. Carbon/polypropylene fibre hybrid cement composites 
When polypropylene networks are combined with continuous carbon fibres. the 
hybrid effect for tensile properties was greater than with the glass fibre. The 
mathematical model was treated in the same way as for the glass/polypropylene fibre 
reinforced composite described in Chapter 7. However, the hybrid effect X-,, -as found to 
be very dependent upon the carbon fibre distribution. In order to quantIN the carbon 
fibre distribution, the cross section of the composite was divided into a number of unit 
cells on a display and the actual fibre area fraction in each fibre containing cell xvas 
measured by an image analyser. The ratio between theoretical and actual fibre area 
fraction in each cell, UAf, /UAf,,, was obtained to represent the fibre distribution. 
Further, the ratio between theoretical and actual tensile properties which vvas defined as 
the efficiency factor of the fibre distribution, qfd, were plotted against UAfi/UAf,,. The 
relative equations between flfd and UAf, /tJAf,, were obtained by a logarithmic regression. 
Since the efficiency factor qfd was deduced empirically, its use ýý'as restricted. 
Nevertheless, an efficiency factor for the fibre distribution is an essential parameter 
which needs to be considered if better predictions of composite performance are to be 
made. 
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CHAPTER II 
11. RECONDJENDATIONS FOR FURTHER WORK 
In this study, fibres which are continuous and aligned parallel to the direction of 
tensile load were used in order to make the model simple. Even so, lt'vk'as found that the 
effect of bundled filaments and fibre distribution need further study to be able to predict 
the tensile behaviour of the hybrid composite more accurately. 
A light transmission technique was developed to understand the effect of the 
bundled glass -filament fracture in the composite. However, photographs were taken 
only at specific strain in composites and a continuous measurement of the intensity of the 
transmitted light should give a signIficant improvement towards understanding the tensile 
stress-strain curve of the composite. 
The investigation of the carbon fibre distribution described in this study is just a 
preliminary trial so that considerable further work is required. Provided a 
manufacturing device for fibre dispersion is developed and the degree of fibre dispersion 
can be controlled, the effect of the fibre distribution could be quantified more easily. A 
better fibre dispersion allows a larger fibre-matrix contact area and the effect of the fibre- 
matrix contact area could be examined with a different number of filaments per bundle. 
For the application of continuous carbon fibres to industrial composites, a woven cloth, 
mat or network made out of filaments would be expected to have a stable performance as 
reinforcement. 
In the present study, the mix proportions and properties of the matrix 
ha". 'e been 
constant. However, other applications may require not only strength 
but also l, ght 
weight or dimensional stability. When light-weight coarse aggregate 
is used or when the 
composite is cured in an autoclave with high pressure and temperature, 
the properties of 
the composite in tension or flexure will be changed 
due to the alteration of the fibre- 
matrix bond strength. This is an important research area 
to study, particularly for 
265 
autoclaving, where hydration at high pressure and temperature in the matrix Xvill alter the 
properties. Also the heat-resistance and the thermal effects in terms of fibre 
performance, will be an additional important parameter. A pilot study into the effects of 
autoclaving was described in Chapter 9. 
Although their mechanics are rather complicated, investigations into 112ht-xveILht 
a grecyate and the autoclaving technique are essential for the development of new high 9 
value added building materials. 
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APPENDIX 1. Simple linear regression 
(A-1). (A-2) 
In igures 4.10-4,13, straight lines were drawn based on the simple linear 
regression model. The form of a simple linear equation isý 
j-=a-bx 
It includes two variables, x and y. The constant a is called the y intercept. The 
number b is the slope of the line. The straight line is determined by the least-squares 
method. By mathematical analysis it has been pro-ved that a and b for a least-squares 
regression line can be computed with the formulas 
"(Y-xy, ) - coefficient. b= 
constant a= 
ly - b(lx) 
17 
where n: number of pairs of data (No. of observations) 
In simple linear regression inferences, a consequence of using the two sample 
estimators a and b is that two degrees of freedom are lost. Thus, if we have n data 
points, the number of degrees of freedom is n-2 (Degrees of Freedom). In Figures 
4.10 and 4.11, the y intercepts of regression lines were assumed to be zero for E,. In 
this case, one of the sample estimators is (0,0). Therefore, one degree of freedom is 
lost. 
The sample standard error of estimate (Std Err of Y Est) is a standard 
deviation which measures the ý,,, ariations of sample points above and below the 
regression line. It can be computed with the formula 
Se 
n-2 
where Se - sample standard error of estimate 
observed value 
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y estimating value on the regression line 
It is also expressed as follows. 
Se Y-Y aly - blxy 
n-2 
If Se equals zero, all the sample points lie on the regression line 
zero, and the larger Se is, the less accurate are the estimates ý, 
Usually, Se is not 
The sample standard error of the slope (Std Err of Coef, ) is computed Nvith the 
formula 
Sb-- -- 
Se 
- 
EX: 
where Sb - sample standard error of the slope 
This is a measure of slope variation. 
R2 (R squared) is called the coefficient of determination. It is the proportion 
of the total variation in y, that is explained by the relationship between y, and x. The 
coefficient R2will be 0 if none of the variation in y, is explained by the relationship and 
R' will be I if all the variation in y is explained. Therefore R' is a number in the 
interval 0 to I, inclusive. The ratio, explained variation divided by total variation, is 
(y 
Y-(y - 
where T: mean value ofy 
It is computed by the following formula 
nZxy- - 
117EX (Yx) 
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For instance, the value R 
2=0.95 
means that the total squared expected variation 
1(^ -. T) I is 95 percent as large as the total squared variation I(y Hence, YI- 
saying 95 percent of y variation is explained by x variation is an imprecise use of v'-ords. 
Nevertheless, R' is usually interpreted in this way. 
When the regression line is horizontal, R2 is zero because of As 
shown in Figures 4.10 and 4.11, since regression lines obtained after BOP are almost 
horizontal, Wis smaller than others. In this case, the degree of the line-fitting can be 
assessed by the standard error of estimate (Se - Std Err of Y Est). The smaller Se is, 
the better fitting are the regression lines. Both Se of horizontal lines in Figures 4.10 
and 4.11 are smaller than those of lines before BOP. Therefore, although R' of these 
lines are small, plots from 1000 to 2500 micro-strains are regarded to be regressed 
straight lines well. 
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APPENDIX 2. Results of the light transmission test 
Table A-1 Results of the light transmission test. 
Fkybrid 
composite 
No 
Initial nuntxr ofgJass 
filart-ents, calculated 
from the ligh area 
Calculated number of 
Oass filaments at 
unloaded points 
Strainat 
unloaded 
poil's 0) 
Rafio ofbrok-en 
flari-oz at the 
ultimate point 
Numl)er of 
Crwk-S 
1 1773 699 1.68 60.6 24 
2 1391 520 1.50 62.6 25 
3 2318 1111 1.65 52.1 27 
4 3902 2052 1.47 47.4 22 
5-1 3652 3815 0.90 0 
5-2 3652 2919 1.32 20.1 
5-3 3652 739 1.79 79.8 23 
6 3141 2562 1.42 18.4 0 
e GF sino 
composite 
----------------- .......... . ........ .......... . ......... .. I........ ..................... .... ...... ........... . ... ... ................. ... ....... ............... 7 ....... ............ .................. . .......... . ....... ....... ......... .... .......... . ....... .. ..... ......... .... ...... ... 
........ . ... .... ............. ............. ....... .. 
......... 
................ ....... ...... .... ... .............. ........... . .. ............................................ . .................. ........... .... ........ ... . ..... .......... . .......... . ... .......... ...... .................. ........................ . ................ . ......... ................ ............. .............. . . .............. .... ....... . .. ..... ................ ........... .. ............ 
..... ....... .. .... .... ........ ........ ...... .............. 
.......... .... 
. .... 
...... .............................. ... I ................... .......................... ........................... ............... ........... ........................... ........................... ........................ .. ............................. ..... .................... ........ ................ ................. I ..................... ........................ ............. ............... .... . .................... ...... . ..... ... .......... ........... . 
....... . .. .......................... ................. . ... . ... ............ .... ............... 
..... ....... ** .......... ....... . 
........................ ................ ... ............... . ................... .............. ..................................... * ....... .... ... .... ... .......... ............................... .......... ..... ....... ....... ......................... . ... . ............. ............ ....... ............... ......... ...... ..... ...... ........ ...... ......... ......... . ... ... .. . ..... ......... ....... ..... ....... . ..... .......... ..... ............. .......... ....................... ..... 
...................... ................. .......... . .. .... ...................... ... ........ I ................. ...... ....... ..... ... .... ...... ...... .................. .......................... .................... ............... . .... -II....... ........ ......... .. ......... ............. ......... ........ ........................... .... ............ ...... ...... . .......... ........ ................ ........................... ........................... .. . .......... ... ........... ......................... ............. .......................... 
3866 3065 0.26 20.7 
1-2 3866 2570 0.77 33.5 8 
2 3302 2273 1.03 31.2 9 
3 2202 1461 1.52 33.7 9 
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APPENDIX 3. Theoretical properties for glass/polypropylene fibre hvbrid cement 
composites 
Table A-2 Theoretical properties for GF/PP composites. (PP=4%) 
vM E, (GPa) 9,, (NIPa) 
0.002 0.958 30.82 8.41 17109 15792 18451 10879 14 ', 5 8' 0.004 0.956 30.90 8.44 14367 12671 16469 9335 - - 11690 
0.006 0.954 30.98 8.46 12440 10583 14873 8058 9--- 
0.008 0.952 31.06 8.48 10964 9113 13560 7107 8392 
0.01 0.95 31.14 8.50 9795 7985 12452 6365 -3-1 
0.012 0.948 31.22 8.52 8852 7118 11520 576 - 6569 
0.014 0.946 31.30 8.55 8077 6338 10716 52-2 5962 
0.016 0.944 31.38 8.57 7427 5772 10018 4858 543-' 
0.018 0.942 31.46 8.59 6866 5106 9405 4508 4999 
0.02, 0.941 31.54 8.61, 6389 4847, 8863, 4206 4634 
1 E n-2 Ell-I I I E 1-1 . 1-2 0.002 7170 255 268 253 4186 1404 4546 3.17 
0.004 6415 243 265 237 3489 1169 4072 2.69 
0.006 5806 234 263 225 3052 1006 3691 2.32 
0.008 5304 227 261 214 2709 924 3377 2.04 
0.01 4889 222 260 206 2435 826 3114 1.822 
0.012 4531 218 259 198 2213 765 2891 1.65 
0.014 4225 214 262 192 2032 614 2699 1.50 
0.016 3958 212 261 187 1880 581 225 32 1.38 
0.018 3724 210 262 182 1747 525 2386 1.28 
0.02, 3519, 208 264 178, 1635, 468, 2256 1.19 
17- 1 (MM) I x, -2 (nun) X. (nun) I X,, - I (MM) I x,, -2(mm) 1 .5... i e,, -i I e ,,, -2 
, 
0.002 13.32 0.89 5.02 14.47 2.34 8228 10987 5446' 
0.004 10.68 0.79 4.16 11.59 2.08 7070 8836 4880 
0.006 8.92 0.72 3.61 9.66 1.87 6112 7401 4423 
0.008 7.63 0.65 3.17 8.29 1.70 5399 6362 4046 
0.01 6.68 0.60 2.83 7.24 1.56 4842 5597 3735 
0.012 5.93 0.56 2.55 6.43 1.44 4394 4995 3467 
0.014 5.40 0.52 2.32 5.75 1.34 4022 4540 3237 
0.016 4.91 0.48 2.13 5.22 1.25 3712 4142 3037 
-0.018 4.52 0.45 1.96 4.77 1.17 3449 3818 2861 
0.02 , 4.20 0.43 1.82 
4.39 
, 
1.10 3223 1 
, 
3544 
, 
2708 
. 
(GPa) E, 00) Ul( E ,, -I(00) 
I 
C . 1-2('o) 
1 
Gr,, j(NlPa) cr,,, -l 1 C. 1-2 JE3(NIPa) 
0.002 0.48 1.82 1.73 1.91 11.98 10.33 13.66 160 
0.004 0.62 1.86 1.80 1.93 14.59 13.24 16.25 
0.006 0.76 1.89 1.85 1.94 17.37 16.18 18.93 
0.008 0.91 1.91 1.88 1.96 20.20 19.16 21.66 
0.01 1.05 1.93 1.91 1.97 23.06 22.12 24.43 
0.012 1.20 1.95 1.93 1.98 25.94 25.10 27.24 
0.014 1.34 1.96 1.94 1.98 28.85 28.04 30.07 
0.016 1.48 1.97 1.95 1.99 31.77 31.03 32.93 
0.018 1.63 1.98 1.97 2.00 34.70 
1 33.95 35.80 1 
0.02 1 1.77 1.98 1.97 2.00 37.64 36.99 , 38.69 
N. f, t E 
(0 0) 
1E 
-I(Qo) 
IE 
u-2(00) 
I 
or u(NIPa) 
0.002 7.21 7.62 6.80 20.32 
0.004 7.37 7.72 6.94 
0.006 7.47 7.78 7.05 Branch number 0.008 7.54 7.82 7.15 
0.01 7.60 7.86 7.23 1 -Tp=3.5NMa, T, =3NMa 
0 012 7.65 7.89 7.29 . 
0.014 7.69 7.92 7.35 1 -cp=0.2NVa, -c, =INWa 
0.016 7.73 7.94 7.40 
0.018 7.76 7.97 7.45 
0.02 7.78 7.97 
t 
7.48 
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Table A-3 TheoreticalDronertieq fr)r (-,, IP/pi) \ 
Vfj, E, (GPa) 
po PI E 21 X, (mm) 
0.002 0.938 30.38 8.30 11963 7759 260 2957 2 21 
0.004 0.936 30.47 8.32 10565 6868 251 2627 1.95 
0.006 0.934 30.55 8.34 9460 6165 243 2367 1.75 
0,008 0.932 30.63 8.36 8565 5594 237 2156 158 
0.01 0.93 30.71 8.38 7825 5123 232 1982 1.45 
0.012 0.928 30.79 8.41 7203 4727 228 1835 11 '1 
0.014 0.926 30.87 8.43 6672 4389 224 1710 1ý 233 
0.016 0.924 30.95 8.45 6215 4098 222 1603 1.15 
0.018 0.922 31.03 8.47 5816 3844 219 1509 1.08 
0,02, 0,92, 31.11 8.49, 5466 3621 217 1427 1.01 
Vfýz I XI(mm) c rE mc E 
(G P-a-)- T. E ul (NTa) EANVa) , (O/o) 
j Gr u(NIPa) 
0.002 3.45 5888 0.64 1.90 15.47 240 7.49 30.48 
0.004 3.04 5219 0.79 1.92 18.22 7.57 
0,006 2.72 4692 0.93 1.94 21.02 7.62 
0.008 2.45 4264 1.07 1.95 23.85 7.67 
0.01 2.23 3911 1.22 1.96 26.72 7.71 
0.012 2.05 3614 1.36 1.97 29.61 7.74 
0.014 1.90 3360 1.51 1.98 32.51 7.77 
0.016 1.76 3142 1.65 1.99 35.43 7.79 
0.018 1.65 2951 1.79 1.99 38.36 7.81 
0.02 1.54 2784 1.94 2.00 
. 
41.29 7.83 
Table A-4 Theoretical properties for GHPP composites. (PP=8%) 
Vfý, E, (GPa) I c,, (NMa) I (s po Ego 
I 
EPI Egl x (MM) 
0.002 0.918 29.95 8.18 9146 5976 263 2304 1.68 
0.004 0.916 30.03 8.20 8293 5432 255 2102 1.52 
0.006 0,914 30.11 8.22 7587 4981 249 1935 1.39 
0.008 0.912 30.20 8.24 6992 4601 243 1794 1.28 
0.01 0.91 30.28 8.27 6483 4276 239 1674 1.19 
0,012 0.908 30,36 8.29 6044 3996 235 1570 1.11 
0.014 0,906 30.44 8.31 5660 3751 232 1479 1.04 
0.016 0.904 30.52 8.33 5323 3536 229 1399 0.98 
0.018 0.902 30.60 8.35 5024 3345 226 1328 0.92 
0.021 0.9 30.68 8.38 4756 3174 224, 1265 
_0.87 
Vfýz X, (mm) E mc 
E,. (GPa) 
l 
c,,, (NTa) E3(NTa)l e,, (%) c,, (Wa) 
0,002 2.61 4550 0.81 1.94 18.94 320 7.64 40.64 
0.004 2.36 4142 0,95 1.95 21.73 7.68 
0.006 2.15 3804 1.10 1.97 24.56 7.72 
0.008 1.98 3519 1.24 1.98 27.42 7.75 
0.01 1.83 3275 1.38 1.98 30.30 7.78 
0.012 1.70 3065 1.53 1.99 33.19 7.80 
0.014 1.59 2882 1.67 2.00 36.10 7,82 
0.016 1.49 2720 1.82 2.00 39.02 7.84 
0.018 1.41 2577 1.96 2.01 41,95 7.86 
0.02, 1.33, 2449, 2.10 , 
2.01 
, 
44.88 
. 
7.87 
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TableA-5 Theoretical mmerties for GF/PP comnocitp,, (PP=IOOr%i 
Vfjz I V.. I E, (GPa) I or ,, (Wa) 
I E po RO EPI 
I E I'l-7 
7 
0.002 0.898 29.52 8.06 7361 4846 265 1891 1.3 4 
0.004 0.896 29,60 8.08 6791 4481 258 1755 1.24 
0.006 0.894 29.68 8.10 6303 4168 253 1639 1.15 
0.008 0.892 29.76 8.13 5880 3899 248 1538 1.07 
0.01 0.89 29.84 8.15 5510 3662 244 1450 1.00 
0.012 0.888 29.92 8.17 5185 3454 240 1373 0.95 
0.014 0.886 30.01 8.19 4896 3270 237 1304 0.89 
0.016 0.884 30.09 8.21 4638 3104 234 1243 0.85 
0.018 0.882 30.17 8.24 4405 2956 232 1187 0.80 
0.02 0.88 30.25 8.26 4195 2821 230 11 _3 7 ' 
0.76 
. Vfýz ixg IE mc 
JE., (GPa) or., (Wa) J E; (NTa) IE,, ( %) I cr,, (Ni Pa) 
0.002 2.08 3703 0.97 1.97 22.38 400 7.73 50.8 
0.004 1.91 3429 1.12 1.98 25.21 7.76 
0.006 1.77 3194 1.26 1.99 28.06 7.79 
0.008 1.65 2993 1.41 1.99 30.94 7.81 
0.01 1.54 2815 1.55 2.00 33.83 7.83 
0,012 1.44 2659 1.69 2.00 36.73 7.85 
0,014 1.36 2521 1.84 2.01 39.64 7.86 
0.016 1.29 2396 1.98 2.01 42.56 7.88 
0.018 1.22 2285 2.13 2.02 45.49 7.89 
0.02 1.16 . 2184 2.27 
2.02 48.43 7.90 
APPENDIX 4z for One-Tail area under the normal curve. 
Example: 
ir tail area -o* 05 0.05 
then 1.64 
: ýý 
z ----o 1.64 
2 FOR ONE-TAIL AREAS UNDER THE NORMAL CURVE 
(Locate tail area in margins-, lake z from body of table) 
Area 0.000 0.001 0.002 0.003 0.004 0.005 0.006 
0.007 0.009 0.009 
00 0 3. D9 2.88 2.75 2.65 2.58 
2.51 2.46 2.41 2.37 
. 33 01 2 0 2.29 2.26 2.23 2.20 2.17 2.14 
2.12 2.10 2.07 
. . 
02 2 05 0 2.03 2.01 2.00 1.98 1.96 1.94 
1.93 1.91 1.90 
. . 88 03 1 0 1.187 1.85 1.84 1.83 1.81 1.80 
1.79 1.77 1.76 
. . 75 04 1 0 1.74 1.73 1.72 1.71 1.70 1.68 
1.67 1.66 1.65 
. . 64 05 1 0 1.64 1.63 1.62 1.61 1.60 1.59 
1.58 1.57 1.56 
. . 55 06 1 0 55 1 1-54 1.53 1.52 1.51 1.51 
1.50 1.49 1.48 
. . 418 07 1 0 
. 
1.47 1.46 1.45 1.45 1.44 1.43 
1.43 1.42 1.41 
. . 
0.08 1.41 1.40 1.39 1.39 1.38 1.37 
1.37 1.36 1.35 
29 1 
1.35 
29 1 
0.09 1.34 1.33 1.33 1.32 1.32 1.31 1.30 
1 25 
1.30 
24 1 
. 24 1 
. 
1.23 
0.10 1.28 1.28 1.27 1.26 1.26 1.25 . . . 
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APPENDIX 5 Theoretical properties for carbon/polypropylene fibre hybrid cement 
composites 
Table A-6 Theoretical properties for CF/PP composites. (PP=4%) 
Vf, V. J E, (GPa) I orc ., 
(NPa) 1 5 po e ýýo PI cl x, (nini) 
0.002 0.958 31.13 8.50 11334 8694 243 2261 2,11 
0.004 0.956 31.52 8.61 7791 6019 234 1597 1.45 
0.006 0.954 31.91 8.71 5950 4629 229 1253 1.11 
0.008 0.952 32.31 8.82 4822 3778 227 1042 0.90 
0.01 0.95 32.70 8.93 4059 3203 226 899 0.76 
0.012 0.948 33.09 9.03 3510 2789 226 797 0.65 
0.014 0.946 33.49 9.14 3095 2476 226 719 0.58 
0,016 0,944 33.88 9.25 2770 2232 226 659 0.52 
0.018 0.942 34.27 9.36 2510 2035 -227 611 0.47 
0.02 0.94 34.66 9.46 2296 1874. 228 571 0.43 
Vf, I X'(MM) IE JE2(GPa) E ,, (%) 
I cl., (NDa) J EANTa) or, (Wa) 
0.002 2.76 6589 0.79 1.45 13.98 160 7.63 20.32 
0.004 1.89 4583 1.24 1.52 21.27 7,78 
0.006 1.43 3540 1.70 1.55 28.70 7.86 
0.008 1.15 2902 2.16 1.57 36.19 7.91 
0.01 0.96 2471 2.61 1.59 43.70 7.94 
0.012 0.83 2160 3.07 1.60 51.24 7.97 
0.014 0.72 1925 3.52 1.61 58.78 7.98 
0.016 0.64 1742 3.98 1.61 66.34 8.00 
0.018 0.58 1595 4.44 1.62 73.90 8.01 
0.02 0.53 1474 4.89 1.62 81.46 8.02 
Table A-7 Theoretical vroverties for CF/PP composites. (PP=6% 
Vf, I V. E, (GPa) I a,, (Wa) 5,0 E ccý -E PI cl x, 
(nun) 
0.002 0.938 30.70 8.38 8805 6792 250 1794 1.63 
0.004 0,936 31.09 8.49 6486 5039 240 1358 1.20 
0.006 0.934 31.48 8.59 5145 4026 235 1106 0.95 
0.008 0.932 31.88 8.70 4271 3366 232 942 0.79 
0.01 0.93 32.27 8.81 3656 2902 231 827 0.68 
0,012 0.928 32.66 8.92 3200 2557 230 741 0.59 
0.014 0.926 33.05 9.02 2848 2292 230 675 0.53 
0.016 0,924 33.45 9.13 2568 2081 230 623 0.48 
0.018 0.922 33.84 9.24 2340 1909 231 581 0.43 
0.021 0.92 34.23 9.35 2151 1766 231 546 0.40 
Vf, X'(MM) mc - 
E: (GPa) (%) (NTa) EANTa) "(%) cr,, (NIPa) 
0 002 2.13 5162 0.95 1.50 16.86 240 7.74 , 0 004 1.55 3848 1.41 1.54 24.16 
7.84 
, 0 006 1.22 3088 1,87 1.57 31.58 
7.89 
. 0 008 1.01 2593 2.32 1,58 39.05 
7.93 
. 0 01 0.86 2245 2.78 1.60 46.55 
7.96 
. 
0 012 0.74 1986 3.23 1.61 54.08 
7/ 98 
. 0 014 0.66 1787 3.69 1.61 61.62 
7.99 
, 0 016 0.59 1629 4.15 1.62 69.16 
8.01 
. 0 018 0.53 1500 4.60 1.62 76,71 
8.02 
. 1 0.02 1 0.49 1 1393 1 5.06 , 1.62 , 84.27 , 
8,02 
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Table A-8 Theoretical DroDerties for CF/PP romnneiti-c mp=qo,, ýý 
Vf, I V, E, (GP a: )] a) or , (NTa) PI 
/V 
-, ýII Xv(mm) 
0.002 0.918 30.26 8.26 7161 5555 254 1491 1.3 2 
0.004 0.916 30.66 8.37 5533 4323 245 1183 1.02 
0.006 0.914 31.05 8.48 4517 3555 240 991 0.8 3 
0.008 0.912 31.44 8.58 3822 3030 237 860 0,70 
0.01 0.91 31.84 8.69 3317 2648 235 765 0.61 
0.012 0.908 32.23 8.80 2933 2358 234 693 0.54 
0,014 0.906 32.62 8.91 2632 2130 234 637 0.48 
0.016 0.904 33.01 9.01 2389 1947 233 591 0.44 
0.018 0.902 33.41 9.12 2188 1796 234 554 0.40 
0.021 0.91 33.80 9.231 20201 1669 234 522 0.37 
Vfc I xc(mm) IE mc 
I 
E,, (GPa) ul (%) 
I c ul (NPa) EANPa) E u(%) c,, (NIPa) 
0.002 1.71 4235 1.12 1.53 19.68 320 7.81 40.64 
0.004 1.31 3311 1.58 1.56 27.00 7.88 
0,006 1.06 2735 2.03 1.58 34.42 7.92 
0.008 0.89 2341 2.49 1.59 41.88 7.95 
0.01 0.77 2054 2.94 1.60 49.38 7.97 
0.012 0.68 1837 3.40 1.61 56.90 7.99 
0.014 0.60 1666 3.86 1.62 64.43 8.00 
0,016 0.54 1529 4.31 1.62 71.97 8.01 
0.018 0.49 1415 4.77 1.62 79.52 8.02 
0.02 0.45 1320 
_ 
5.22 1.63 87.07 8.03 
Table A-9 Theoretical properties for CF/PP composites. (PP= 10%) 
Vf, I V. 7E, (GPa) I c,, QAPa) .5 PO co PI cl 
l x, (MM) 
0.002 0.898 29.83 8.14 6007 4687 257 1277 1.10 
0.004 0.896 30.23 8.25 4806 3778 249 1050 0.88 
0.006 0.894 30.62 8.36 4013 3177 244 899 0.73 
0.008 0.892 31.01 8.47 3449 2750 241 793 0.63 
0.01 0.89 31.40 8.57 3028 2432 239 713 0.55 
0.012 0.888 31.80 8.68 2702 2185 237 652 0.49 
0.014 0.886 32.19 8.79 2441 1988 237 602 0.45 
0.016 0.884 32.58 8.89 2228 1827 236 563 0.41 
0.018 0.882 32.98 9.00 2051 1694 237 530 0.37 
0.021 0.88 t 33.371 9.11 1901 1581 237 502 0.35 
Vfc I x,: (mm) I E "Ic 
I E,. (GPa) , (%) lor,, (NTa) 
IE3(Wa) 
1.5, (%) Icr, (NTa) 
0.002 1.42 3584 1.29 1.55 22.47 400 7.86 50.8 
0.004 1.13 2902 1.74 1.57 29.81 7.91 
0.006 0.93 2451 2.20 1.59 37.23 7.94 
0.008 0.80 2131 2.65 1.60 44.70 7.97 
0.01 0.69 1892 3.11 1.61 52.19 7.99 
0.012 0,61 1707 3.57 1.61 59,71 8.00 
0,014 0.55 1559 4.02 1.62 67.23 8.01 
0,016 0.50 1439 4.48 1.62 74.77 8.02 
0.018 0.46 1339 4.93 1.63 82.31 8.03 
0.02 
, 
0.42 1254 5.39 
, 
1.63 
. 
89.86 
, 
8.04 
. 
r%r- 
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